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WINGLESS FLIGHT

Foreword

When Dale Reed asked me to write the foreword to his book, Wingless Flight: The

Lifting Body Story, I had to think back a long ways to remember the day that Paul

Bikle asked me to fly the M2-F1 lifting body. It was a very interesting program that

would give a space vehicle similar to the present day space shuttle the ability to

maneuver. During the time that the lifting body program was being flown, space cap-

sules were re-entering the Earth's atmosphere in a ballistic path and had very little

ability to maneuver.

The concept behind the lifting body program was to investigate the ability of the pilot

to land in a horizontal mode which required an excessive angle of attack to flare. I

enjoyed flying the lifting body and probably found it easier to fly than most pilots

because of my experience with the XF-92 airplane which landed with extremely high

angles of attack similar to those later experienced with lifting bodies.

Dale's book covers the warm things that go on during the test programs at Edwards Air

Force Base, California. Dale has emphasized the cooperative effort that must take

place between the people he calls the Real Stuff (people who create and service the

flying machines) and the Right Stuff (pilots who fly the machines). Most of the NASA

lifting body crews (about 90 percent) were made up of ex-military mechanics and

technicians, mostly Air Force and of excellent caliber. I owe a deep debt of gratitude

to many an aircraft crew chief in my career. These crew chiefs provided me with air-

craft in first-class condition to fly by working themselves and their people long hours

to stay on schedule.

Test pilots, on the other hand, were a different story. Dale, being a pilot himself, could

see the undercurrent that flows in the macho world of test pilots. Competition has

always existed between pilots. There was a special kind of competition between Air

Force and NASA test pilots, and Dale has covered it very well in this book.

The lifting body story covers a little known period at Edwards Air Force Base, and it

fills a gap during the transition from space capsules to maneuvering space vehicles.

Chuck Yeager

B/Gen., USAF, Ret.
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INTRODUCTION

Wingless Flight tells the stol_ Tof the most unusual flying machines ever flown,

the lifting bodies. It is my story about my friends and colleagues who committed a sig-

nificant part of their lives in the 1960s and 1970s to prove that the concept was a

viable one for use in spacecraft of the future. This story, filled with drama and adven-

ture, is about the twelve-year period from 1963 to 1975 in which eight different lift-

ing-body configurations flew. It is appropriate for me to write the story, since I was the

engineer who first presented the idea of flight-testing the concept to others at the

NASA Flight Research Center. Over those twelve years, I experienced the story as it

unfolded day by day at that remote NASA facility northeast of Los Angeles in the

bleak Mojave Desert.

Benefits from this effort immediately influenced the design and operational con-

cepts of the winged NASA Shuttle Orbiter. However, the full benefits would not be

realized until the 1990s when new spacecraft such as the X-33 and X-38 would fully

employ the lifting-body concept.
A lifting body is basically a wingless vehicle that flies due to the lift generated by

the shape of its fuselage. Although both a lifting reentry vehicle and a ballistic cap-

sule had been considered as options during the early stages of NASA's space program,

NASA initially opted to go with the capsule. A number of individuals were not con-

tent to close the book on the lifting-body concept. Researchers including Alfred

Eggers at the NASA Ames Research Center conducted early wind-tunnel experi-
ments, finding that half of a rounded nose-cone shape that was flat on top and round-

ed on the bottom could generate a lift-to-drag ratio of about 1.5 to 1. Eggers'

preliminary design sketch later resembled the basic M2 lifting-body design. At the

NASA Langley Research Center, other researchers toyed with their own lifting-body

shapes.
Meanwhile, some of us aircraft-oriented researchers at the NASA Flight Research

Center at Edwards Air Force Base (AFB) in California were experiencing our own fas-

cination with the lifting-body concept. A model-aircraft builder and private pilot on

my own time, I found the lifting-body idea intriguing. I built a model based on Eggers'

design, tested it repeatedly, made modifications in its control and balance character-

istics along the way, then eventually presented the concept to others at the Center,

using a film of its flights that my wife, Donna and I had made with our 8-ram home
camera. I recruited the help of fellow engineer Dick Eldredge and research pilot Mih

Thompson, especially in later selling the idea to others, including Paul Bikle, then the

director of the NASA Flight Research Center (redesignated in 1976 the Hugh L.

Dryden Flight Research Center). What followed was history, and telling for the first

time in print that historic story of the lifting bodies in full and living detail is what this
book is all about.
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INTRODUCTION

Dale Reed homing the original free-flight model of the M2-F1 filmed in 8 mm movies used to convince Dryden

and .4mes managers to support the program. The full-scale M2-F1 flown later is in the background. (NASA

photo EC67 16475)
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WINGLESS FLIGHT

Between 1963 and 1975, eight lifting-body configurations were flown at the NASA

Flight Research Center at Edwards AFB. They varied tremendously from the

unpowered, bulbous, lightweight plywood M2-F1 to the rocket-powered, extra-sleek,

all-metal supersonic X-24B. Some configurations, such as the M2-F2, not only pushed

the limits of both design engineers and test pilots but also were dangerous to fly. Film

footage of the 1967 crash of the M2-F2, after test pilot Bruce Peterson lost control of

this particularly "angry machine," was used about two years later as the lead-in to

weekly episodes of a popular television series, The Six-Million-Dollar Man, which

ran for about six years. Although the M2-F2 crash was spectacular enough to inspire

the concept for a popular television series, it was the only serious accident that

occurred over the slightly more than twelve years of lifting-body flight-testing.

But danger has always lurked at the edge of flight innovation. All eigilt of these
wingless wonders, the lifting bodies, were considered the flying prototypes for future

spacecraft that could land like an airplane after the searing heat of reentry from outer

space. The precursors of today's Shuttle and tomorrow's X-33 and X-38, the lifting

bodies provided the technical and operational engineering data that has shaped the

space transportation systems of today and tomorrow.

The Place and the People

The story of the lifting bodies is not just a story about wingless machines that fly.

It is a story as much about people and the unique environment of the NASA facility

at Edwards AFB as it is about airplanes. The driving force behind the lifting-body pro-

gram was the small contingent of people at the NASA Flight Research Center at

Edwards AFB in the western Mojave Desert northeast of Los Angeles.

Brought together originally in 1946 to flight-test the Bell XS-1, this little group of

strong-minded individuals was also drawn to this remote facility because of their love

for airplanes and the adventure of flight-testing. Being surrounded by aviation

history in the making was enough to keep motivation flying high.

The NASA facility at Edwards--called initially the National Advisory Committee

for Aeronautics (NACA) Muroc Flight Test Unit--was paradise to these lovers of air-

planes. It was a place where people got their hands dirty working on aircraft, a place

where they had the freedom to kick an airplane tire at any time. It was a place where

test pilots, engineers, mechanics, and technicians all breathed the same air and

walked the same halls, shops, and hangar floors. It was a place where they could take

a few minutes off from tightening a bolt on an aircraft to watch a new airplane design

making a flyover. The boss probably was also an airplane lover, and more than likely,

he too had stopped whatever he was doing to watch the same flyover. And it was a
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INTRODUCTION

place where about the most exciting thing in life was being involved as a volunteer in

a new program.
In 1963, the lifting-body program began, circumventing tile normal bureaucratic

process by launching itself as a bottom-up program. It began when an enthusiastic

engineer drew together a band of engineers, technicians, and pilots--all volunteers,

of course--and then moved ahead, bypassing the ponderous amount of paperwork and

delays of months or even years typically inw_lved in officially initialing approved and

funded aerospace programs in that era.

Besides tapping into the volunteer spirit present in the 1960s at the NASA Flight

Research Center, the unofficial lifting-body program also used creative methods to

locate funds. Shortly before his death in January 1991, Paul Bikle explained how that

was done, saying "it was a real shoestring operation. We didn't get any money from

anybody. We just built it out of money we were supposed to use to maintain the facil-
• . ,J,]lty. As the program grew over the years to involve flight-testing eight different con-

figurations, it became more disciplined and organized. Even then, however, it was still

individuals--not organizations--that made things happen.

The lifting-body concept was a radical departure from the aerodynamics of con-

ventional winged aircraft, and it was the operational experience of the NASA and Air

Force people at Edwards AFB that made the program a reality. Setting the stage for

the lifting-body program was the long experience of these engineers, technicians, and

pilots over previous decades in flight-testing experimental, air-launched, and rocket-

boosted gliders from the XS-1 to the X-15.

A special kind of camaraderie existed among the othe_'ise competitive NASA

and Air Force people and aircraft contractors who worked in the shops and labs of this

relatively isolated facility. Often, for example, a mechanic who needed a special tool

or piece of equipment wot,ld go next door on the flight line to a competing contractor

and borrow what was needed. Flight-testing was difficult, demanding, and time-criti-

cal work. By helping each other get through critical times, everyone benefited from the

unofficial cooperation that was a hallmark of the facility even then.

An anti-waste mentality was another hallmark of Edwards at the time. If an old

piece of equipment could do the job as well as a new piece of equipment, why spend

the money and time developing the new piece of equipment when the program could

be moved along speedily by refilrbishing and using the old one? One of the best exam-

ples of this recycling was the extensive use made of Thiokol's Reaction Motors

1. Qu_ted in Stephan Wilkinson, "The Legacy of the Lifting Body," Air & Space (Aprilfbiay 1991),

p. 54.



WINGLESS FLIGHT

Division LR-11 (later designated the XI,R-11), a rocket engine flown in rocket-pow-

ered experimental aircraft at Edwards for nearly 30 years, from 1947 to 1975.

The most famous use of this engine was to propel Chuck _)ager and the Bell

XS-1 in the world's first supersonic flight in 1947. The Army-version LR-11 was also

used to propel later models of the Bell X-1. A virtually identical Navy version called

the LR-8 was used through 1959 on Douglas D-558-II rocket-powered aircraft.

To keep the X-15 program on schedule, despite delays while the Thiokol XLR-99

rocket engine was being developed, a pair of old l,R-11s was used in the X-15 until

the bigger engine became available. During the year that followed until the XLR-99
was available, the X-15 was flown with the LR-1 ls and achieved speeds up to Mach

3.23. Later, many of the old LR-11 engines were donated to various aeronautical
museums, some installed in the old X-1 or D-558-II aircraft and some shown as

separate engine displays.

Six years afte_'ards, these engines were removed from the museums, refurbished,

and recycled into flight-testing in the lifting-body program. Of the eight lifting-body

configurations developed, four of them were powered by LR-11 rocket engines "bor-

rowed" from museums. The last flight-test of a lifting body using an LR-11 engine

occurred on 23 September 1975. Afterwards, the LR-11s found their way back to the

museums, now installed in lifting bodies as well as other historic rocket-powered
research aircraft.

The extremely low-cost M2-F1 launched the unofficial lifting-body program in

1963. Dubbed the "Flying Bathtub," this simple little vehicle was towed aloft by

either a car or an old R4D, the Navy version of the C-47 aircraft. Except for the Hyper

Ill, which was flown by remote control, the lifting-body vehicles were flown with

research pilots on board. Two of the configurations, the M2-F2 and the first glider ver-

sion of the HL-10, were marginal to control and later were modified aerodynamically

to produce good flying aircraft. The original flight versions, which I call the "angry
machines," tested the limits of research pilots' capabilities. We were very fortunate at

the time to have a pool of the world's best research pilots to fly these marginally con-

trollable aircraft until we, as engineers, got smart enough to convert them into good

flying machines. Another lifting body, the Air Force X-24A, was converted into the X-

24B, a totally new form of lifting body that I call a "racehorse" because it led toward

high hypersonic aerodynamic performance.
Begun while the X-15 was still being flight-tested, the lifting-body program was

unique when compared with previous research, in which most aircraft design activi-
ties were conducted by contractors and delivered to the government to meet perfor-

mance specifications. For instance, the basic X-15 design, except for minor but

important changes, was tested by expanding the flight envelope to the maximum speed

and altitude capabilities of the aircraft. In this way, the X-15 program was mainly dri-
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INTRODUCTION

EvolullOn

1963-66

1968-73

1970-75

M2-F1

77 flights)

M2-F2 HL-10

(16 flights) (1 fllghl)

M2-F3 HL-10 (modification) X.24A

(27 flights) (36 flights) (28 fighls)

(3_ fights)
(t f.ght)

Drawing showing the evolution of lifting-body flight vehicles starting with the M2-F1 flown in 1963-66;

"angry machines" M2-F2 and the original HL-lO flown in 1966-67; mature "plow-horse" lifting bodies M2-

F3, HL-IO modified, and X-24A flown in 1968-73; and finally, the "race-horse" lifting bodies llyper HI and

X-24B flown in 1970-75 (original drawing by Dale Reed, digital version by Dryden Graphics Office).

yen by operational and hardware considerations, whereas the lifting body was mainly

a design engineer's program with NASA and Air Force engineers doing the basic aero-

dynamics and control-system designs, wind-tunnel testing, and simulation and control

system analysis.

All of the NASA lifting-body configurations--the M2-F1, M2-F2, M2-F3, Hyper

III, HL-10, and modified HL-10--were developed within NASA facilities. The aero-

dynamic shapes were developed in NASA wind tunnels, and the control-system con-
trol taws were developed at the Flight Research Center by NASA engineers and

research pilots using simulators and other analytical techniques. Northrop, the con-

tractor, then designed and built the hardware to meet these specifications, relying

xii



WINGLESSFLIGHT

Paul Bikle--Director of the ,NASA Flight Research Center from 1959 to 1971 who provided strong sttpport

for the lifting-body program. (NASA photo E68 19647)

totally on the work done by the NASA and Air Force engineers. I believe that this was

an unprecedented arrangement between government and contractor technical people,
everyone working together as one design team.
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INTRODUCTION

Paul Bikle

From what I've described so far, someone might form the impression that the

NASA Flight Research Center in the 1960s was an organization of undisciplined do-
as-you-like individuals. Just the opposite was true. Paul Bikle, the director of

the NASA Flight Research Center at that time, was a strong disciplinarian who came

to NASA from a military background. A lover of airplanes, he started his career

designing light planes for Taylor Aircraft Company before World _hr II. Ite was a

civilian flight-test engineer at Wright-Patterson Air Force Base, testing B-17s, B-24s,

B-25s, B-29s, P-51s and other Air Force aircraft of the time. Next, he became the

civilian director for flight-testing military jet aircraft with the Air Force at Edwards

AFB, working closely with many top Air Force pilots, including Jimmy Doolittle and

Chuck Yeager.

After his career with the Air Force, Bikle was recruited to head up the NASA

Flight Research Center at Edwards, which had just been assigned to develop a flight-

test program for the X-15. His ability to lead a highly disciplined flight-research orga-

nization dedicated to achieving timely results had been demonstrated many times in

his Air Force career, making him an ideal choice for this job. Wah Williams--the

original director of the NASA Flight Research Center--went on to lead the Mercury

and Gemini space programs at Johnson Space Center.

From 1959 to 1969, Paul Bikle organized and conducted the three-aircraft, hyper-

sonic, rocket-powered X-15 program in a highly professional and disciplined manner.

Even though the X-15 program was the major activity at the NASA Flight Research
Center at the time, Bikle saw the NASA facility as a research center that had to stay

tuned to the aerospace world, prepared to move ahead when opportunity arose. As a

result, about half of the staff was committed to X-15 research, the other half available

to conduct other aeronautical research geared to the future.

Having worked closely with test pilots for years and being an accomplished pilot

himself (having set the world's altitude record for sailplanes), Bikle had the uncanny

ability to gauge accurately the abilities of research pilots. He also knew the abilities

of most of the roughly 400 individuals then at the NASA Flight Research Center.

Almost daily, Bikle wandered through the shops, talking to mechanics and engineers

in their offices. Besides touring the hangars, shops, and offices, he usually played

cards during lunch in the radio shop. In these ways, he stayed in touch with the pulse

of the place and the people. He knew more about the daily details of the Center than

did most of the engineers and project managers. He also had his own style of asking

questions. He already knew the answers to the questions he was asking, but bad found

that asking questions was a good way of gauging how much the person knew about

what was going on.
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WINGLESSFLIGHT

A smallandbaldingman,PaulBiklecommandedsomuchrespectandauthori-
tythatwhenyoumethimin thehallway,heseemedtenfeettall.Yearslater,afterhe
retired,headdedradio-controlledmodelflyingto his first love,soaring.Oneday,
whileheandI wereflyingradio-controlledglidersatthebeach,I hadthecrazyidea
that,if I hadto,I couldlick thisfriendlylittle guyin afistfight.It wasacrazyidea
becauseneverbeforehadI thoughtof himasanythingbuta giantyoudidn'tcross
unlessyouwerestupid.

Bikledislikedusinguppeople'stimewithunnecessarymeetings.Heheldone
weeklymeetingto takecareofanyandall unresolvedproblems.Usually,hewasso
attunedtodailydetailswithintheCenterthatheknewaboutaproblembeforeit was
voicedatameeting.Themeetingsoonbecameknownasthe"BikleBarrel,"instill-
ingterrorin theheartsofanysupervisororprojectmanagerwhohadscrewedupthat
week.Notbelievingthatanygoodcouldcomefromreprimandsorpunishments,Bikle
foundthatexposingscrew-upsin theweeklymeetingswassufficienttokeepall ofhis
peopleontheirtoesafterwards.NoonewasimmunetotheBikleBarrel,andI hadmy
turnafewtimes,too.

Bikleoccasionallyusedotherunorthodoxmethodstomotivatepeople.Forexam-
pie,hebetseveralof thelifting-bodypeoplethattheM2-F2wouldnot fly before
1July1966.On8June,theXB-70crashed,intensifyingthenormalsafety-of-flight
worries.Evenminorproblemsin thelifting-bodyprogrambegantoloomlargein the
aftermathoftheXB-70accident.In thenextweeklymeeting,Bikledecidedthatthe
entirelifting-bodyprojectwouldstanddownfor30days,withnoattemptsmadetofly
untilall problemshadbeenfullyevaluated.At theendofthemeeting,apileofmoney
beganaccumulatingin frontofBikleasthosewithwhomhehadbetpaidoff.Hesim-
plysmiled,pickedup themoney,andleft theroom.Themoral:Neverbetagainst
someonewhocontrolsthegame.

Hismorepersonablesidecameoutin informalone-on-onesessions.Likemostof
usattheCenterin thosedays,Biklewasin lovewithairplanesandlovedtoswapfly-
ingstoriesor talkaboutnewairplanedesigns.Manyofthebignamesinaviationwere
hispersonalfriends.I canrememberfinaglingmywayintosittingatthesameNASA
cafeteriatablewithPaulBikleandChuckYeager,just to beableto listento them
swapflyingstories.In thosedays,I felt like achildlisteningtothebiggerboystalk,
oftenhavingtoworktokeepmyeyesfrombuggingoutandmymouthfromdropping
openin pureamazement.

Biklewasalsoveryknowledgeableaboutflight-testandresearchtechniques,
evendoingaprofessional-levelflightprogramofhisownonweekendsofmanyof the
state-of-the-artsailplanesofthetime.Hepublishedtheirglidingperformanceresults
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INTRODUCTION

in reports stilI used today by designers of subsonic aircraft requiring very higil lift-to-

drag ratios.

hmovation is a personality characteristic, Bikle believed, not something that can

be taught in schools or training programs. He knew that this characteristic might lie

within any technician in the shop or any engineer in the office. While wandering

through shops and offices, talking to various individuals, he was able to calibrate
many personalities and get a feeling for individual skill levels. The door to his office

was always open to anyone who had an idea that he or she wanted to share with him.

The Lifting-Body Pilots

Paul Bikle emphasized teamwork, making it clear that each engineer and techni-

cian was just as important as each research pilot to the success of the flight project.

In actuality, however, the work team didn't always see it this way. The research pilots

were often thought to be like the Greek gods on Mount Olympus. After all, the suc-

cess or failure of a project--after long weeks, months, or years of the team's hard

work----depended on one pilot doing the job right for the few minutes of that first

critical flight.

Many of us involved in the project were also private or amateur pilots imbued with

tremendous admiration for our fellow team members, the research pilots. Many of us

envied these pilots, often trying to mentally put ourselves into their minds and bodies

during flight tests. In the early days, before flights were conducted from control rooms,

the radio was the primary contact point between the pilots and others on the ground.

If a pilot chose to say nothing during a flight, we fairly much had to wait for the post-

flight debriefing to hear how things had gone during the flight. However, we did have

on-board aircraft data recordings that we could process to verify the accuracy of

pilot reports.

Later, when we developed a control room at the Center for the X-15 project,

research and flight-test engineers could participate in the flight by watching data dis-

played on consoles in various forms---dials, wiggly lines on paper rolls, and pens mov-

ing across radar maps to show the position of the aircraft. Sometimes we could

influence the course of the flight by sending a message to the pilot over the radio

through a control-room communicator, usually another research pilot. The ground-

based communicator, who had the only radio mike in the control room, couhl filter

comments by engineers, deciding whether they were important enough to communi-

cate to the airborne research pilot.

As engineers, we began to feel that we were a part of the flight once we were able

to see real-time data coming into the control room by way of telemetered radio signals.
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WINGLESS FLIGHT

Nevertheless, the spotlight remained on the research pilot. He was the man of the

hour, all eyes watching to see that he did his job properly. All of the lifting-body pilots,

with the exception of Chuck Yeager, had college degrees in engineering or physics.

These "tigers of the air" did not fit any one stereotype, the spread of personality types

ranging from the "intellectual," as represented by Fred Haise and Einar Enevoldson,

to the talented "stick-and-rudder men," represented by Chuck Yeager and Joe Engle.

The flight performance of any pilot on any given day depended not only on his

experience and skills but also on a number of personal factors, including whether he

had had a disagreement the night before with his wife. All but one of the lifting-body

pilots were current or former military fighter pilots, and fighter pilots by nature

seemed to need sizable egos to be good at what they do. The spotlight appealed dif-

ferently to each pilot's ego, with varying results.

For example, some of the lifting-body configurations had very poor flying charac-

teristics, which created situations in which pilots could cause oscillations by over-
controlling. This condition is called "pilot-induced oscillation" (PIO), a deviation

from controlled flight that can happen with the best of pilots if the flying characteris-

tics of the aircraft are bad enough. However, the pilots with the biggest egos often had

the most difficuhy admitting they were involved in a PIO situation during a flight.

The lifting-body pilots also seemed to belong to an unofficial but exclusive club

in the pilots' office. The performance of any pilot could be judged only by his fellow
pilots or by his boss, Paul Bikle for the NASA pilots and various Air Force command-

ers for the Air Force pilots. It was not considered proper for flight-test or research

engineers to suggest that a pilot's performance was not up to par. The lifting-body

pilots included many top test pilots. Consequently, problems in flying the lifting-body

vehicles were often thought to be the fault of the engineers who had created configu-

rations that were marginally controllable, rarely if ever considered to result from any

lack of piloting skill.

Chuck Yeager had his own pilot rating system, the pilot bosses had theirs, and we

research engineers had our own. As research engineers, we unofficially divided the

pilots into two categories: those who were research test pilots, who would try hard to

bring home quality data, and those who were just test pilots, who could expand
envelopes and bring the aircraft home safely but who were sloppy with regards to data.

We were fortunate that most of the lifting-body pilots were also true research test pilots

and that we got the data we wanted.

The era of the lifting bodies began with a very modest program involving only one

pilot, Mih Thompson. The program grew over the years to include eight different lift-

ing-body configurations flown by 17 pilots, eight of whom were NASA, the others Air

Force. Sixteen of the seventeen pilots had fighter aircraft backgrounds and one, Dick

Scobee, had large airplane experience.
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Pilot M2-F1 M2-F2

1. Milt Thompson 45 5

2. Bruce Peterson 17 3

3. Chuck Yeager 5

4, Don Mallick 2

5. James Wood Car T.

6. Don Sorlle 5 3

7. Bill Dana 1

8. Jerry Gentry 2 5

9. Fred Haise Car 1".

10. Joe Engle Car 1".

11. John Manke

12. Pete Hoag

13. Cecil Powell

14. Mike Love

15. Einar Enevoldson

16. Francis Scobee I_

17. Torn McMurtry

Total 77 16 I

HL-10

1

Number of flights

HL-10 M2-F3 X-24A
modified

L

9 19

9 1 13

10 4 12

8

3 3

Hyper
III

1

X-24B

36 27 28 1

Tolal

51

21

5

2

8

31

30

16 42

8

6

12 12

2 2

2 2

2 2

36 222

970830

Lifting-body pilot list showing numbers of fllghts per lifting body by each of the 17 lifting-body pilots (com-

piled by Betty Love).

All of the pilots had other test or research responsibilities on other aircraft pro-

grams within NASA and the Air Force, the typical lifting-body flights being weeks or

even months apart. Often, these other programs involved research or developmental

military aircraft being tested at Edwards at the same time we were flying the lifting

bodies. We were fortunate in the lifting-body program to be able to tap into this elite

source of pilots when we needed them.

We, were even able to get Chuck Yeager to take time from his busy schedule dur-

ing the first year of the lifting-body program to fly the M2-F1 and give his assessment

of this vehicle. Three of the lifting-body pilots went on to be astronauts. Fred Haise

went to the Apollo program and flew the Shuttle landing approach tests. Joe Engle and

Dick Scobee became Shuttle commanders fi)r space flights.

A total of 222 lifting-body flights were made in those twelve busy years. Topping

the list was the M2-FI with 77 air tow flights. The HL-10 Modified and the X-24B had

36 flights each. The X-24A flew 28 times; the M2-F2 had 16 flights; the M2-F3, 27;

and the original HL-10 and Hyper I!I had only one flight each.
Here is a thumbnail introduction to the pilots, given in the order in which they

first flew vehicles in the lifting-body program:

Mihon O. Thompson, the first lifting-body pilot, flew the M2-F1 on its first flight

on 16 August 1963. Mih flew the M2-F1 16 more times before the next two pilots,
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Milt Thompson--first lifting-body pilot--standing beside the M2-FI configt, ration selected for fl_ght (with-
out a center fin). (_'_1£,1 photo EC63 206)

A happy Bruce Peterson--second lifting-body pilot---tlfter he successfully piloted the marginally control-
fable HL-IO on its first flight. (NASA photo E66 16199-1)
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BrucePetersonandChuckYeager,wereinvitedtofly it. In all,Mih flewtheM2-F1
45times.Healsomadethefirstfiveflightsoftheheavy-weightM2-F2liftingbody,a
grandtotalof51lifting-bodyflights.All ofhisflightswereglideflights.

Milt wasinstrumentalin thestart-upof thelifting-bodyprogram.It wouldhave
beendifficuhto sellthelifting-bodyprogramtoprojectmanagerswithoutthehelpof
Mih'scharm.AfterflyingtheM2-F2,Mihretiredasaflightresearchpilot,thenmoved
intosettingup training programs and working with Paul Bikle in evaluating new pilots

for the later lifting-body projects.

Bruce A. Peterson, the second lifting-body pilot, made a total of 21 flights on three

different lifting bodies: the M2-F1 17 times, the M2-F2 3 times, and the HL-10 once.

On 22 December 1966, he became the first pilot to fly the HL-10. He retired from test

flying following the crash of the M2-F2 on 10 May I967.

Chuck Yeager was the third pilot to fly a lifting body, making five flights of the M2-

F1, one on 3 December 1963, and two each on 29 and 30 January 1964. Paul Bikle

wanted his old friend and master test-pilot, Colonel (later General) Chuck Yeager, to

fly tile M2-F1 early enough to give an assessment before other Air Force pilots flew

the vehicle. At the time, Yeager headed up the USAF Aerospace Research Pilot

School, also known as the Test Pilot School, at Edwards. Bikle thought that Yeager

gave the most accurate and descriptive flight test report of any pilot that Bikle had

ever worked with in the Air Force or NASA. Although Yeager never flew any of the

rocket-powered lifting bodies, he exerted considerable influence, encouraging the Air

Force in developing the rocket-powered X-24A and X-24B as well as in the concep-

tualization of the jet-powered X-24J, which was never built.

Yeager could be very blunt and straightforward when it came to evaluating the

performances of other test pilots, and perhaps those who received the brunt of his crit-

icism might not hold him in as high a regard as I and others do. Yeager basically divid-

ed test pilots into two categories: those who can hack it, and those who cannot. He

minced no words in his verbal or written criticism of those pilots who made more than

a limited number of mistakes in the stick-and-rudder department. Nor did he mince

words in evaluating how well an aircraft handled or performed.

The fourth lifting-body pilot, Donald L. Mallick made only two lifting-body flights

with the lightweight M2-F1 on 30 January 1964. James W. Wood, the fifth lifting-body

pilot, made only car tows on 6 February 1964. Major Wood was transferred by the Air

Force to another command and did not get a chance to fly the M2-F1 in air tow. He

had been one of the original X-20 (Dyna-Soar) pilots selected by the Air Force.

Donald M. Sorlie, the sixth lifting-body pilot, made his first air-towed flight in a

lifting body on 27 May 1965. The official Air Force "boss" of the lifting-body and

X-15 Air Force test pilots, Lieutenant Colonel Sorlie made five flights in the M2-F1

and three in the M2-F2, just enough to evaluate what kind of challenge would con-
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Bill Dana, seventh lifting-body pilot, who flew 4 llfting-body configurations including 19 fllghts on the M2-

F3 for a total of 31 lifting-body flights. The HL-IO is shown behind him. (NASA photo E69 20288)

Then-Capt. JerauM Gentry, principal Air Force and eighth lifting-body pilot overall, who flew 5 lifting-body

configurations inclading 13 on the X-24A for a total of 30 lifting-body flights. (NASA photo, EC97.14183-1)
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front his test pilots in these lifting bodies. At the time, he was Chief of the Fighter

Operations Branch, Flight Test Operations---the primary pool of Air Force test pilots
at Edwards AFB.

The seventh pilot to fly a lifting body, William H. Dana, had 31 lifting-body flights

over a little more than ten years, flying the lifting-bodies over a longer span of time

than did any other pilot. He had his first lifting-body flight in the M2-F1 on 16 July

1965. He also flew the HL-10 and the M2-F3. His last lifting-body flight was in the

X-24B on 23 September 1975.

Dana received the NASA Exceptional Service Medal for his ten years as a

research pilot in four of the lifting-body vehicles (M2-F1, HL-I0 modified, M2-F3,

and X-24B). In honor of his research work on the M2-F3 lifting-body control systems,

Dana in 1976 received the American Institute of Aeronautics and Astronautics' Haley

Space Flight Award.
Jerauld R. Gentry, the eighth lifting-body pilot, was tile chief Air Force lifting-

body pilot, making a total of 30 lifting-body flights. Major Gentry made his first air-

towed flight on the M2-FI on 16 July 1965. He also flew the M2-F2, the HL-10, and

the X-24A. He made his last lifting-body flight in the M2-F3 on 9 February 1971.

Major Gentry developed a reputation as an outstanding lifting-body research pilot, fly-

ing the X-24A on its first glide fight as well as its first rocket-powered flight, demon-

strating a high level of skill in gathering the flight data needed by engineers in

expanding the X-24A's flight envelope.

The ninth and tenth lifting-body pilots, Fred Haise and Joe H. Engle, flew the

M2-F1 on car tows up to altitudes of 25 and 30 feel on 22 April 1966. Neither of them

flew the M2-F1 from aiq_lane tows, nor did they fly any of the B-52 launched lifting
bodies.

Soon after flying the M2-FI in 1966, Haise was assigned as an astronaut at what

became the Johnson Space Center, precluding any additional involvement with the

lifting-body project. Later, Haise was on the ill-fated Apollo 13 flight, which almost

ended in disaster following an explosion in space, the topic of the popular movie

Apollo 13 that premiered in 1995. General Joe Engle also had his assignment to the

lifting-body project cut short when he was one of 19 astronauts selected in March

1966 for NASA space missions. I would have liked to have seen how well Joe Engle,

in particular, wouht have performed over time as a lifting-body pilot. He shared many

of Chuck Yeager's characteristics: he, too, was full of 'piss and vinegar' as well as one
of the best stick-and-rudder men around.

John A. Manke, the eleventh lifting-body pilot, was the second busiest with 42

lifting-body flights, the busiest being Mih Thompson with 51. Most of Manke's flights

were rocket-powered, while all of Thompson's were glide flights, including the remote-

12,'piloted Hyper III in which Milt "flew" from a ground cockpit. Manke's first flight
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John Manke, eleventh lifting-body pilot, who flew 4 different configurations including 16 X-2.tB flights for a

total of 42 lifting-body flights. (NASA photo EC69 2247)
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Lt. Col. Michael Love,fourteenth lifting-body pilot, who flew the X-24B 12 times. (NASA photo E75 29374)

was a glide flight on the modified HL-10 on 28 May 1968. Manke flew the HL-10 ten

times, the M2-F3 four times, the X-24A twelve times, and the X-24B sixteen times.

He made his last flight on 5 August 1975 in the X-24B.
The twelfth pilot to fly a lifting body, Peter C. Hoag, first flew the modified HL-10

on 6 June 1969. Major Hoag made his eighth flight on the HL-10 on 17 July 1970.

This was also the last flight of the HL-10. While flying the HL-10 on 18 February

1970, Major Hoag set the speed record for all of the lifting bodies--Math 1.86.
Cecil William Powell, the thirteenth lifting-body pilot, had his first lifting-body

flight on 4 February 1971, a glide flight in the X-24A. He flew the X-24A and the M2-

F3 three times each. His last flight on a lifting-body was a rocket flight on the M2-F3

on 6 December 1972.

Fourteenth among the pilots to fly a lifting body, Michael V. Love first flew the X-

24B on 4 October 1973. A year later, on 25 October 1974, Lieutenant Colonel Love

set the speed record of Mach 1.75 for the X-24B. On 20 August 1975, he had his

twelfth and final flight of the X-24B.
Einar Enevoldson, the fifteenth lifting-body pilot, made his first of two glide flights

in the X-24B on 9 October 1975. He was one of three guest pilots invited to fly the X-

24B in glide flights as part of a guest-pilot evaluation test exercise at the end of the
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X-24Bflightprogramaftertheofficial research flights had been completed. Each of

the three guest pilots (including Major Francis R. "Dick" Scobee and Thomas C.

McMunry) flew the X-24B twice.

Francis R. "Dick" Scobee, the sixteenth lifting-body pilot, first flew the X-24B on

21 October 1975. Primarily an Air Force transport test pilot, Major Scobee was the

only lifting-body pilot with no background as a fighter pilot. He kidded us, saying he

was selected as a guest pilot to prove that if a transport pilot could fly the X-24B, then

any pilot could fly future spacecraft versions of the X-24B.

The X-24B shared very similar speed and performance characteristics with the

projected Shuttle spacecraft design, so the X-24B was used to collect operational data

used in the design and development of the Space Shuttle vehicles. Scobee said that

his experience flying the X-24B inspired him to apply to the NASA Astronaut Corps

to fly the Shuttle spacecraft. He was selected as an astronaut for NASA in January

1978. On 28 January 1986, Scobee unfortunately perished in the Challenger explo-
sion.

Thomas C. McMurtry was the seventeenth and final pilot to fly a lifting body, doing

so as the third invited guest pilot at the end of the X-24B program. He flew the X-24B

in glide flight twice, once each on 3 and 26 November 1975. 2

How Wingless Flight Came to be Written

My life-long love affair with airplanes has kept me from truly retiring. After I

retired from NASA in 1985, I was recruited to manage the development at Lockheed
of various Remotely Piloted Vehicles (RPV), working four years at the Lockheed

Advanced Development Plant known as the "Skunk Works," managing design, vehi-

cle development, and flight-test programs.

After I left Lockheed in 1989, still unable to pull myself away from an active

involvement with aircraft, I served as a consultant to various aircraft organizations and

soon found myself working as a contractor, supporting NASA programs at NASA

Dryden, Edwards AFB. Once more I was able to work with some of my old NASA

friends at Dryden, including Milt Thompson.

Milt had been working on a book entitled At the Edge of Space, 3 which told the

story of the X-15. After this book was published in 1992 by the Smithsonian

Institution Press, Milt was asked if he would write a book telling the lifting-body story.

For several years, I had thought of writing just such a book. However, at the time, I

2. Thanks to Betty Love for checking and correcting the statistics for this section.

3. Milton O. Thomposon, At the Edge of Space: The X-15 Flight Program (Washington, DC:

Smithsonian Institution Press, 1992).
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was too busy having fun coming up with new ideas for creating new airplane programs.

With the new miniature computers and global-positioning satellite systems, I was

totally involved with developing autonomously-controlled unpiloted air vehicles of
all sorts.

Mih Thompson died suddenly on 6 August 1993. Before his death, Milt had

begun writing the book that would tell the lifting-body stor 7, but he had not finished

it at the time of his death, leaving me as the only remaining lifting-body team mem-

ber who knew/he full lifting-body story from beginning to end. If a book telling the

entire story were to be written, it seemed that I was the only participant left who could
do it.

By this time, the professional aerospace writer and historian Richard P. Hallion

had already published three excellent histories telling aspects of the story. First pub-

lished by the Smithsonian in 1981, Test Pilots 4 tells the complete story of flight-test-

ing, from the earliest tower jumps in 1008 to the around-the-world flight of the Voyager

in 1986. On the Front_r, 5 published in 1984 as a volume in the NASA History

Series, is a comprehensive history of flight research at NASA Dryden after _brld War

II, 1946-1981. The Hypersonic Revolution, 6 published in 1987 by the U.S. Air

Force, is mammoth in scope, covering events from 1924 to 1986--from the early rock-

et experi-ments to the aerospace plane.

Richard Hallion has already done an excellent job in these books in document-

ing the historic facts as well as the political and managerial aspects of the lifting-body

story. What remains untold is the story that facts alone cannot tell: the human drama

as it unfolded in the day-by-day activities of the people who lived and breathed the

lifting-body adventure from 1963 to 1975.

Wingless Flight tells that story, for I remain convinced that it is about more than
machines; it is at least as much about the people with the "real stuff," who created

and maintained the machines, as it is about the individuals with the "right stuff," the

pilots who flew the lifting bodies.

4. Richard P. llallion, Test Pilots: The Frontiersmen of Flight (Washington, DC: Smithsonian

Institution Press, 1992).

5. Richard P. Hallion, On the Frontier: Flight Research at Dryden, 1946-I981 (Washington,

DC: NASA SP-4303, 1984).

6. Richard P. ttalllon, The ltypersonic Revolution: Eight Case Studies in the History of

llypersonic Teehnology (2 vols.; Wright-Patterson Air Force Base, Ohio: Special Staff Office, 1987).

Since these lines were written, another study of Dryden histo_' appeared, Lane E. Wallace's Fights of

Discovery: 50 i_ars at the Dryden Fight Research Center (Washington, DC: NASA SP-4309, 1996).

Based on an earlier version of Wingless Flight and an interview with Dale Reed, lhis short history devotes

considerable attenlion to the lifting-body story.
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CHAPTER 1

THE ADVENTURE BEGINS

My journey in February 1953 to the NACA High Speed Flight Research Station

(as the Muroc Flight Test Unit had come to be called in 1949) actually began about a

decade earlier in two small mountain towns in Idaho, about as far from the center of

aerospace innovation as one can get. My roots are with farmers and ranchers, my

grandfather having moved his family members from Kansas to the sagebrush country

of southern Idaho to carve out their future in agriculture, both of my parents the chil-

dren of farming families.

Around age twelve, I was smitten with what would prove to be a lifelong love of

airplanes. I still remember the summer day when I saw my first sailplane. John

Robinson had come to Ketchum, Idaho, with his one-of-a-kind sailplane called the

Zanonia to try for some world sailplane records. A beautiful craft, the Zanonia had gull

wings reminiscent of some of the German sailplanes of the time. Robinson cleared the

brush from a fiat area across the road from my family's home, making a small dirt strip.

Here, Robinson would use a ear to tow the Zanonia aloft, tile sailplane rolling on a

dolly with a set of dual wheels that would drop by parachute after take-off.

For two weeks that summer, I helped Robinson, untangling the tow-line from the

brush after the glider had been launched and picking up the parachuted landing gear.

I loved to lie on the grass, watching the Zanonia riding the air currents around the

mountain peaks. Robinson set two world altitude records in the Zanonia that summer,

flying the waves and thermals above the Sawtooth Mountains.

I then began building and flying model gliders and free-flight model airplanes. A

hundred miles stood between me and the next modeler in those days, so I was fairly

much on my own, except for some occasional help from my mother who was good with

crafts and taught wood shop at the local grade school. Fairly quickly I learned I had

to limit the duration of my engine runs, else chance losing my models when they glid-
ed down on the other side of the hills or mountains.

One September day, one of my models did exactly that. It caught a thermal and

flew over a nearby mountain. Two weeks later, my father found that model perched

unharmed on a bush at the bottom of a gully two miles from the ridge it had flown over.

I flew that model for another year, during which I equipped it with floats so it could fly

off of a nearby mountain lake.

Across the street from my high school in Halley, about 12 miles south of Ketchum,

was a grass field where a bush pilot-operator named Bob Silveria kept two airplanes.

During the summer and fall months, the big radial engine of his old Waco cabin
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biplane could be heard lumbering through the Sawtooth Mountains, carrying fisher-

men and hunters to the primitive wilderness landing strips along the Middle Fork of

the Salmon River. Silveria also had a 65-horsepower Aeronca Defender L-3 airplane

at the grass field, using it to give flying lessons as well as to transport hunters into the

flats south of Halley where they chased coyotes.

By the time I was sixteen, even my high school physics and chemistry teacher, Mr.

Kinney, knew that I was interested in airplanes. A private pilot who was good friends

with Silveria and occasionally rented the little Aeronca airplane across the street from

the school, Mr. Kinney offered to teach a class in aeronautics if I could round up eight
interested students. I found six interested boys fairly easily, but I had to overcome my

shyness around the opposite sex long enough to talk two girls into joining us to fill
the class.

Mr. Kinney used the little Aeronca as a teaching tool. We learned to hand-prop to

start the airplane and taxi it around the grass field. We did everything but fly. Seeing

my enthusiasm, Mr. Kinney encouraged me to apply for a student license and take

some flying lessons. I did not know that his suggestion was part of a plot hatched

between him and Silveria to see how soon they could get me to solo.

On a cool September day in my sixteenth year, I had my first flying lesson. As I

sat in the front seat of the Aeronca, SiIveria told me that my job was to handle the

throttle, rudder pedals, and brakes, that he would do everything else with the stick

from the back seat. All I had to do was put my hand lightly on the stick and follow his
movements.

Since Mr. Kinney had earlier done a good job in teaching me in the class on how

to taxi a tail-wheel airplane, I had no problem when Silveria told me to set the trim,

taxi to position, and start the takeoff run. I knew that my task was simply to steer the

rudder pedals and touch but not move the control stick. As we rolled across the grass

field, the tail came up eventually and we rolled along on two wheels. I remember

thinking what a smooth pilot Sil_'eria _'as, for I hadn't noticed any movement at all on

the stick. Soon we were flying, but I still hadn't noticed any movement on the stick.
We had climbed to an altitude of 500 feet when Silveria, his first words to me since

the takeoff, said, "Do you know that you made that takeoff by yourself without

my help?"
I couldn't believe it, for I was doing practically nothing to fly the airplane. All I

had done was make very small and gentle inputs to the rudder while we were on the

ground and once we were in the air. I think I made those small control inputs auto-

matically, perhaps subconsciously, because I had learned from building and flying

model airplanes that a properly designed airplane can do a pretty good job of flying,

even without the pilot.

A few days later, after three and a half hours of flight instruction, I soloed. By age

sixteen, then, I was totally hooked on aviation. At first, I thought I wanted to be a bush

pilot in Alaska or somewhere else equally exciting, but my high school principal

talked me into going to college and studying engineering. Off I went to the University

of Idaho in Moscow. Unlike other universities at the time, Idaho didn't offer a major

2
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in aeronautical engineering, but all I could afford was Idaho. I majored in mechanical

engineering, taking as many aeronautical courses as I could.

Little better than an average student in high school, I found myself getting

almost straight As in college. I had found my niche in aeronautical engineering,

thanks to a love of flight and airplanes that had begun when I was only twelve, a young

boy in a small mountain town in Idaho, far away from the center of aviation's
innovative future.

As I took college courses, I found myself more and more intrigued by what I was

reading in magazines about what was happening at Edwards AFB in Southern

California, where a small contingent of NACA people was flight-testing the world's

first supersonic airplane, the rocket-powered X-1. Little did I know, as I read these

articles, that soon I would be a part of that small contingent of NACA people, con-

ducting my own aeronautical experiments on the X-1 and becoming personally

acquainted with the famous test pilot Chuck Yeager.
Before leaving Idaho in early 1953 to report to work at the High Speed Flight

Research Station in the Mojave Desert, I did some reading on the history of the NACA

and the Mojave Desert site. And then I got into my car, drove south from Idaho and

west across the Nevada desert to the town of Mojave, California, where I made a sharp
southeastern turn into the middle of nowhere.

At that time, Edwards Air Force Base was very small and compact, located on the

edge of Muroc Dry Lake, now known as Rogers Dry t,ake. The name of the base had

changed only a few years eadier from Muroc Army Airfield to Edwards Air Force Base

in honor of Captain Glen W. Edwards, killed in June 1948 in the crash of a Northrop

YB-49, an experimental flying wing bomber.

In late 1946, the NACA had sent thirteen engineers and technicians from the

NACA Langley Memorial Aeronautical Laboratory to Muroc Army Airfield to assist in

flight-testing the Army's XS-1 rocket-powered airplane. These thirteen individuals

fairly much made up what was soon to be called the NACA Muroc Flight Test Unit.

Over the next fifty years, the NACA Muroc Flight Test Unit grew into what is today the

NASA Dryden Flight Research Center with over 900 NASA employees and contrac-
tors supporting NASA's premiere flight-test activities.

Ground Zero: The Place Where Tomorrow Begins

The flight-testing of all experimental and first-model military aircraft occurred

along an ancient dry lake now called Rogers Dry Lake, located on the western edge of

California's Mojave Desert just south of Highway 58 between the towns of Boron and

Mojave. Only a few miles northeast is the worht's largest open-pit borax mine. Within

sight of Rogers Dry Lake is one of the first immigrant trails through California.

The original name of the site, the NACA Muroc Flight Test Unit, comes partly

from local history. "Muroc" is "Corum" spelled backwards. The first permanent set-

tiers in the area, the Corum family located near the large dr), lake in 1910. Later, they

tried to get the local post office named Corum. However, there was already one with a
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nearlyidenticalname(Coram)elsewherein California,sotheyreversedthelettersto
spellMurocJ

Whatwasthereaboutthisdrylakethatmadeit idealasthelatersiteofmajoravi-
ationflight-testhistory?About2,300feetabovesealevel,RogersDryLakefills an
areaof about44squaremiles--neadyhalfagainaslargeasNewYbrk'sManhattan
Island--anditsentiresurfaceis flatandhard,makingit oneofthebestnaturalland-
ingsitesontheplanet.Theariddesertweatheralsoprovidesexcellentflyingcondi-
tionsonalmosteverydayoftheyear.

RogersDryLakeis thesediment-filledremnantofanancientlakeformedeons
ago.Severalinchesof watercanaccumulateon thelakebedwhenit rains,andthe
waterin combinationwiththedesertwindscreatesanaturalsmoothingandleveling
actionacrossthesurface.Whenthewaterevaporatesin thedesertsun,asmoothand
levelsurfaceappearsacrossthelakebed,onefarsuperiortothatmadebyhumans.

WateronthesurfaceofRogersDryLakealsobringstolifeanabundanceofsmall
shrimp--severaluniquespeciesof theprehistoriccrustacean--buttheydisappear
oncethedesertsunevaporatesthewater.Annualrainfallhereis onlyaboutfourto
fiveinches,considerablylessin someyears.In extremelywetyears,theannualrain-
fall canrisetosixorevennineinches.

Windsarequitepredictable,usuallyfromthesouthwestduringspringandsum-
mer,withameanvelocityof six tonineknots.Sunrisesandsunsetscanbebreath-
takinglybeautiful,ascanthespringwildflowerswithenoughrain.

ThesurroundingareaistypicaloftheCaliforniahighdesertwithrollingsandhills
androckyrises,ridges,andoutcroppingspunctuatedin the low spotswith dry
lakebeds.Mountainslie on threesides--atthesouth,west,andnorth with the
mightySierraNevadarangetothenorthrisingtoover14,000feet.Joshuatreesclus-
teramongthechaparralandsagebrush.A typeofYucca(amemberoftheLily fami-
ly), theJoshuatreehasclustersof verysharpanddarkgreenbayonet-shapedor
quill-likespinesthatgrowsix totenincheslongandthatonlyabotanistwouldcall
"leaves."Likeeverythingelsein thesurroundingdesert,theJoshuatreeiswellsuit-
edforsurvivalin aharshenvironment.In summer,temperaturescanreachorexceed
120degreesFahrenheit,with10to 15percenthumidity.In winter,temperaturescan
fall tonearly0 degreesFahrenheit.

In acuriouscoincidence,twoentirelydifferentandlikelyunrelatedmennamed
JoeWalkerfigureprominentlyin localpioneeringhistory,separatedby about115
years.Inthespringof 1843,JosephB.Chilesorganizedandledoneofthefirstwagon
trainsoutfromIndependence,Missouri,to California.AtFortLaramiein Wyoming,
hemetanoldfriend,JoeWalker,whojoinedtheCalifornia-boundwagontrainasa
guide.Oncein California,thewagontrainranlowonprovisionsandsplit intotwo
groups,oneonhorsebackled by Chilesthatwentnorthto circumventtheSierra

1.ttallion,On the Frontier, pp. xiv-xv.
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Nevadas,theotherin thewagonsledbyJoeWalkerheadingsouth.Thepeoplein the
Walkerpartyhadtoabandontheirwagonsjustnorthof OwensLake,arrivingonfoot
at whatis nowcalledWalkerPassat elevenin themorningon3 December1843.
WalkerPass,namedafterthefirst JoeWalker,is only56milesacrossthesouthern
SierraNevadasfromEdwardsAFBwhere,115yearslater,anothermannamedJoe
Walker,theprominentNACA/NASAX-15researchpilot,wasengagedin averydif-
ferentkindofpioneering.

In the1930s,earlyaviators--includingthemilitaryandprivateairplanedesign-
erssuchasJohnNorthrop--usedRogersDryLakeasaplacetorendezvousandtest
newdesigns.DuringWorldWarII, theU.S.ArmyAir Corpsconductedextensive
trainingandflight-testingat thesite.Thisis alsothegeneralareawhereacolorful
socialclub and ridingstablewaslocated,establishedby the aviatrixFlorence
"Pancho"Barnesandfrequentedbymanyoftheearlyandfamoustestpilotsandnota-
blesofaviationhistory.

In morerecenttimes,theAir Force,NASA,andvariouscontractorshaveused
RogersDryLakein conductingflight testsonmanyexoticandunusualaerospace
vehicles.In thewordsofDr.HughL.Dryden--theearlyNACA/NASAleader,scien-
tist,andengineer--thepurposeof full-scaleflightresearch"is toseparatethereal
fromtheimagined...tomakeknowntheoverlookedandtheunexpected,"wordsthat
helpclarifywhyaremotelocationin thewesternMojaveDesertwouldbecomethesite
whereinnovativeNASAengineersandtechnicianswouldgathertohelpcreatethe
futureofaviation.2

Theofficialnameofthesitehaschangedovertheyears.It changeditsnamefrom
theNACAHighSpeedFlightResearchStationto the NACAHighSpeedFlight
Stationin 1954andthentotheNASAFlightResearchCenterin 1959.It becamethe
NASAHughL. DrydenFlightResearchCenterin thespringof 1976,a nameit
regainedin 1994afterahiatusfrom1981to thatyearastheAmes-DrydenFlight
ResearchFacility.However,whenI arrivedatthesitein 1953,it wasstill calledthe
NACAHighSpeedFlightResearchStation,andthepeopleat thefacilitywerecon-
ductingall of theNACA'shigh-speedflightresearch.Theywereusedtoconducting
high-performanceflightresearchonrocket-poweredvehiclesthathadtolandunpow-
ered.Unpoweredlandingswithhigh-performanceaircraftbecamerelativelyroutine,
butnotnecessarilyrisk-free,onthevastexpanseofRogersDryLake.

2.HughL.Dryden,"IntroductoryRemarks,"NationalAdvisors"Committee for Aeronautics,
Research-Airplane-Committee Report on Conference on the Progress of the X-15 Project,
(Papers Presented at Langley Aeronautical Laboratory,Oct. 25-26, 1956), p. xix. I am indebted to Ed
Sahzmanfi_rlocating this quotation, the wordsforwhich are commonknowledgeat the Center named in
honor ofHugh Dryden but the source for which is not well known.
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Flight Research, 1953-1962

When I arrived at the Station in February 1953, the purely rocket-powered Bell

X-1 and X-2 as well as the Douglas D-558-II experimental aircraft were being flight-

tested, air-launched from B-29s and B-50s (essentially the same as the B-29, but with

slightly different engines). Before I arrived on the scene, the Air Force had operated
the B-29s, but the NACA had taken over operating the B-29s by the time I got there,

including the B-29 used for tile D-558-II, which had the distinction of being the only

Navy-o'_ned B-29 (Navy designation, P2B). Also being flown then was a second D-

558-II with a hybrid turbojet-rocket propulsion system. Other experimental turbojet

aircraft being flown included the Bell "flying wing" X-4 (technically, a swept wing
combined with an absence of horizontal tail surfaces), the Bell variable-sweep-wing

X-5, and the first high-performance deha-wing aircraft, the Convair XF-92.

At the NACA facility at that time, all new junior engineers were expected to learn

the flight-research business from the bottom up. Given the limited data systems of that
era, plus the lack of high-speed computing capability, a research engineer's job was

about ninety percent measuring and processing data and only about ten percent ana-

lyzing and reporting the flight results. With all the weird and wonderful airplanes at

that time, stability and control problems were prominent. Most of tile senior engineers

at the NACA facility were busy analyzing and trying to solve these problems. This

meant there was a lot of pick-and-shovel work for the junior engineers to do.

My first job assignment involved measuring aerodynamic', loads on the wings and
tail surfaces of various research aircraft. Hundreds of strain gauges had been installed

inside the structures of these aircraft as they were buih in the factor. My task was to

calibrate these gauges and other data acquisition devices on the aircraft, including

control position indicators, air data sensors, gTros, and accelerometers.

Today, these tasks are the responsibility of instrumentation engineers. Earlier, due

to the small staffing at the NACA facility, these tasks fell on the shoulders of the aero

or research engineers. One advantage back then of doing things this way was that by

the time research engineers finally had enough flight data to analyze, they had good

knowledge of the accuracies of the instrumentation--so good that if weird glitches
turned up in the data during flight tests, they were better able to determine whether

the data was real or indicated a problem in the instrumentation.

My first task involved measuring the aerodynamic loads on the X-5 research air-

craft, a little airplane that had evolved from a design smuggled out of Germany at the
end of World War II. Bell Aircraft completed the design, building what was to become

the world's first variable-wing-sweep aircraft.

My task involved measuring the bending, shear, and torque loads of the wing and

tail surfaces on three configurations of the X-5, one each with 20-, 40-, and 60-degree

wing-sweep angles. This meant that I had to have separate wing strain gauge calibra-
tions for each wing sweep. In those days, calibrations involved manual labor at about

thirty load points on each wing and tail surface. I spent long hours over days and even
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weeksona jackhandle,puttingincrementalloadson theairplaneat all of these
points.

Eachstraingaugeoutputwasreadoffameterandwrittendownbyhand,result-
ing in stacksof paperwithhandwrittendata,thenprocessedby handon theold
mechanicalFriedencalculatingmachines.Processinginvolvedselectinggroupsof
multiplestraingaugesanddevelopingequationsfor bendingmoments,shearand
torque.

AstaffoftenwomendidallthecalculationsontheFriedenmachines.Tome,they
seemedthehardestworkingpeopleatthefacility,eachofthemspendinglonghours
clankingawayona calculatingmachine.In thosedays,weworkedin oldbarracks-
typebuildingswithswampcoolersonthewindows.TheFriedenmachineshadtobe
carefullycoveredupduringdesertduststorms,forthedustcomingthroughthecool-
erscouldruinthosemechanicalwonders.

Overtheyears,I becamea specialistin thissortof measurementwork,doing
flightresearchwiththeX-1E,F-10OA,D-558-II,andX-15.DuringtheX-15program,
myareaofexpertiseexpandedintoaerodynamicheating,andmyresponsibilitiesgrew
to includeeachplannedX-15 flightasspeedsandaltitudesincreasedfarbeyond
thoseforanyexistingaircraft.

AstheX-15pushedcloserandclosertoits maximumspeedof Mach6.7(or6.7
timesthespeedofsound)andmaximumaltitudeof354,200feet(or70milesabove
theearth),theInconel-Xsteelandtitaniumstructureof theX-15couldreachten>
peraturesashighas3,000degreesFahrenheitinareasofconcentratedaerodynamic
heating.TheX-15hadbeeninstrumentedwithhundredsof straingaugesandther-
mocouplesformeasuringthestressesandheatin itsstructure.

NorthAmericanAviation'sstructuraldesignerof theX-15,A1Dowdy,andI
workedasateamexaminingeachplannedflighttodetermineif therewasanycause
forconcernaboutstructuralfailure.Foreachflight,theflight-planningteamandthe
pilot woulddevelopa flightplanon thefacility'sX-15 flightsimulator.With this
plannedflightprofileofspeed,altitude,angleofattack,andloadfactor,wecouldcal-
culateaerodynamicheatinginputstotheexternalskinonvariouspartsoftheaircraft.

AIandI selectedsevencriticalareasofstructureontheX-15tomonitorindetail
duringeachflightprogram.Forexample,onewingareaincludedtheInconel-Xsteel
skinandthetitaniumsparcapsandwebs.Fromtheinformationgainedfrommoni-
toringtheseareas,I couldthengeneratetimehistoriesofthetemperatureriseand
declinein eachelementoftheaircraft'sstructure.Withthisdata,A1,in turn,could
determinethestresseswithinthestructurebycombiningcalculatedaeroloadswith
my calculatedtemperatures.At flight-planningtechbriefings,1wouldthenreport
whetherI thoughttheplannedflightwouldbesafefromthestructuralstandpoint.

ThroughouttheX-15program,wecontinuedtotestourpredictiontechniquesby
comparingourpreflightcalculationswithmeasuredtemperaturedatafromtheactual
flight.Forsomeskinareas,werevampedourcalculationstoincludelaminarheating
whenwethoughtthatit wouldbeturbulentheating,andviceversa.Turbulentheating
resultsin temperaturesalmosttwiceashighasthoseduetolaminarheating,butat

7
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firstweweren'talwayssmartenoughtoknowwhethertheflowwouldbelaminaror
turbulent.Eater,webecamemoreskilledatpredictingexternalaerodynamicheating.
Westill hadto refineourcalculationsfor internalheatflowbecausethestructural
jointsdidnottransfertheheatasanticipated.Wedeterminedthecorrectionfactors
fortheheat-transferequationswhiletheX-15wasstill flyingatlowsupersonicspeeds
of upto Mach3. BythetimethatstructuralheatingbecamemorecriticalnearMath
5 andMach6 laterin theX-15program,wecoulddoamuchmoreaccuratejob in
predictingstructuraltemperatures.

The Early 1960s: Concepts of the Lifting Body

Although I gained a great deal of satisfaction as a researcher in structures on the

world's first hypersonic airplane, my interests in aeronautics always had been much

broader than aircraft structures. Still very much interested in stability and control,

aerodynamics, and unusual aircraft configurations, I continued to design and build

model airplanes and to fly light planes and sailplanes on my own time.
I was also fascinated with the space program, following closely the activities of

Wah Williams, my first boss at the facility, and the people he took with him from the

NASA Flight Research Center to Johnson Space Center to conduct the Mercury and

Gemini programs. While reading NASA and Air Force reports on design concepts for

htture spacecraft, I noticed a pattern developing. Although many of these studies

included concepts of lifting reentry vehicles, when actual space vehicles were

designed, they were always non-lifting or ballistic capsule-type vehicles.
At the time, it was obvious that NASA and Air Force decision-makers had little

confidence in the concept of lifting reentry and even less for lifting-body types of reen-

try" vehicles. Although it funded many studies of lifting reentry configurations of all

types, ineluding lifting bodies, the Air Force soon concluded that lifting bodies were

too risky.

In September 1961, a blue-c, hip panel of the Scientific Advisory Board chaired by
Professor C.D. Perkins had recommended to Air Force General Bernard A. Schriever

that all expenditures on flight hardware be made solely for winged vehicles, not lift-

ing bodies. The panel had questioned the control characteristics of a lifting-body

design, believing they could make conventional landings hazardous. The Air Force

accepted the panel's recommendation, deciding to finance only winged reentry vehi-

cle programs: the Boeing Aircraft Company's manned Dyna-Soar X-20 and

McDonnell Aircraft Company's upiloted ASSET (Aerothermodynamic/elastic

Structural Systems Environmental Test). Only a mock-up of the X-20 was ever built,

Secretary of Defense Robert McNamara canceling the $458-million X-20 program in

December 1963. In 1964, the $21-million unpiloted ASSET hypersonic glider was

8
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flownsuccessfullyfourtimesin hypersonicreentrymaneuvers.Neverflownsubsoni-
cally,thefourASSETresearchvehicleswereparachutedintotheoceanforrecovery.3

Meanwhile,asNASAdecision-makerscontinuedtostaywithballisticshapesfor
theMercury,Gemini,andApolloprograms,someNASAresearchersatthefieldcen-
terscontinuedto studylifting-bodyreentryconfigurations.Actually,interestin the
lifting-bodyconceptamongindividualsatNASAdatesbacktotheearly1950swhen
researchers--underthedirectionof twoimaginativeengineers,H. Julian"Harvey"
AllenandAlfredEggers--firstdevelopedtheconceptof lifting reentryfromsub-
orbitalor orbitalspaceflightat NACA'sAmesAeronauticalLaboratoryat Moffett
Fieldin California.In March1958,theresearcherspresentedthisworkata NACA
ConferenceonHigh-SpeedAerodynamics.4

Theinitialworkof NACAresearchersin theearly1950shadbeendonein con-
nectionwithstudiesregardingthereentrysurvivalofballistic-missilenose cones, the

results of which were first reported in 1953. Researchers found that, by blunting the

nose of a missile, reentry energy would more rapidly dissipate through the large shock

wave, while a sharp-nosed missile would absorb more energy from skin friction in the

form of heat. They concluded that the blunt-nosed vehicles were much more likely to

survive reentry than the pointed-nose vehicles. Maxime A. Faget and the other

authors of a paper at the 1958 NACA Conference on High-Speed Aerodynamics con-

cluded that "the state of the art is sufficiently advanced so that it is possible to pro-

ceed confidently with a manned satellite project based upon the ballistic reentry type

of vehicle." Faget's paper also indicated that the maximum deceleration loads would

be on the order of 8.5g, or 8.5 times the normal pull of gravity on the vehicle. 5

Other authors at the same conference presented the results of a study on a blunt

30-degree half-cone wingless reentry configuration, showing that the high-lift/high-

drag configuration would have maximum deceleration loads on the order of only 2g

and would accommodate aerodynamic controls. This configuration also would allow a

lateral reentry path deviation of about plus or minus 230 miles and a longitudinal vari-
ation of about 700 miles.6

3. See Richard P. Hallion, "ASSET: Pioneer uf Lifting Reentry," in Hallion, Hypersonic Revolution,

pp. 449-527.

4. National Advisory Committee for Aeronautics, NACA Conference on High-Speed Aerodynamics,

A Compilation of the Papers Presented (Moffett Field, CA: Ames Aeronautical Laboratory, 1958).

Notable in this connection was the paper by four Ames researchers_Th_mlas J. Wang, Charles A.

Hermaeh, John O. Reller, Jr., and Bruce E. Tinling--at a session chaired by Allen. The paper's titIe was

"Preliminary Studies of Manned Satellites--Wingless Configurations: Lifting Body" and appeared on pp.

35-44 of the volume just cited.

5. Maxime A. Faget, Benjamine J. Garland, and James J. Buglia, "Preliminary Studies of Manned

Satellite Wingless Configuration: Nonlifting" in NACA Conference on High-Speed Aerodynamics, pp.

19-33 with the quotation on p. 25.

6. Wang et al., "Preliminary Studies: Lifting Body," pp. 35--44.
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Following this conference--the last hehl by the NACA before Congress created

the NASA later in 1958_the logical choice for a piloted reentry configuration seemed

to be the proposed blunt half-cone 2g vehicle with controls and path deviation capa-

bility rather than the 8.5g ballistic vehicle with no controls and almost no path devi-

ation capability. However, this was not to be, due to some practical considerations of
the time.

As things turned out, the thrust capability of the available boosters versus the

needed payload weights made it easier to design a small blunt shape to fit on top of

the Redstone and Atlas rocket boosters. This blunt-nosed ballistic configuration

became the United States' first piloted spacecraft, the Atlas rocket-boosted Mercury

capsule, which then evolved into the Apollo program using the Saturn rocket.

Nevertheless, the concept of _ingless lifting reentry did not die. The only prob-
lem was that we had no experience with this type of vehicle, especially with the antic-

ipated heat loads. But the advantages of a blunt half-cone or wingless reentry vehicle
over the space capsules are easy to understand.

"Lifting" reentry is achieved by flying from space to a conventional horizontal

landing, using a blunt half-cone body, a wingless body, or a vehicle with a deha plan-

form (like tile shape of the current Space Shuttle), taking advantage of any of these

configurations' ability to generate body lift anti, thus, fly. We could not put conven-

tional straight or even swept wings on these vehicles because they would burn off dur-

ing reentry --although a delta planform with a large leading-edge radius might work.

These vehicles, or lifting bodies as we called them, would have significant glide capa-

bility down-range (the direction of their orbital tracks) and/or cross-range (the direc-

tion across their orbital tracks) due to the aerodynamic lift they could produce
during reentry.

Space capsules, on the other hand, reenter the Earth's atmosphere on a ballistic

trajectory and decelerate rapidly due to their high aerodynamic drag. In short,

although capsules can produce small amounts of lift, they also generate large amounts

of drag, or resistance. Space capsules are subject to high reentry forces due to rapid

deceleration, and they have little or no maneuvering capability. Consequently, cap-

sules nmst rely on parachute landings primarily along the orbital flight path.

In contrast, a lifting body's ability to produce lift and turn right or left from the

orbit would allow any one of many possible landing sites within a large landing zone
on both sides of the orbit on the return to earth. Furthermore, deceleration forces are

significantly reduced with a lifting-body vehicle, from about 8g to 2g. The lifting-body

landing "fi_olprint" for a hypersonic vehicle--that is, one with a speed of Mach 5 or
greater and a lift-to-drag ratio of 1.5--includes the entire western United States as

well as a major portion of Mexico, a significant improvement over that of a capsule.

The prospect of achieving these advantages of lifting reentry was rather exciting, given
the limited capability of ballistic reentry capsules.
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Free-Flight Model of the M2-F1 Lifting Body

Fascinated by the possibility of an airplane that flies without wings, I began talk-

ing in 1962 to other engineers and engineering leaders at the NASA Flight Research

Center and at the NASA Ames and Langley research centers. I found skepticism to be

abundant, many believing, as various design studies at the time had suggested, that

some sort of deployable wings wouht be needed to make a lifting body practical for

landing. Some of the most conservative design studies, not content to stop with deploy-

able wings, even suggested that deployable turbojet engines should be used.

Obviously, the space and weight allotment in these designs left little, if any, allowance

for payloads. Even more design reports on lifting bodies gathered dust on library

shelves as even more decisions were made to use symmetrical reentry capsules for

spacecraft programs.

About this time, it occurred to me that for lifting bodies to be considered serious-

ly for future spacecraft designs, some sort of flight demonstration would be needed to

boost confidence among spacecraft designers regarding lifting bodies. At first, I

limited myself to launching countless paper lifting-body gliders down the halls,

while behind my back passersby sometimes rolled their eyes and made circling-fin-

ger-at-temple motions. Then, as much to satisfy my own growing curiosity as to
demonstrate lifting-body flight potentials to my peers, I constructed a free-flight

model in a half-cone design that was very similar to what wouht later become the

M2-F1 configuration.

I made the frame with balsa stringers and the skin out of thin-sheeted balsa.

Adjustable outboard elevons and adjustable vertical rudders made up the control sys-

tem. I began with the center of gravity recommended in Eggers' design studies, then

changed it with nose ballast. For landing gear, I used spring-wired tricycle wheels.

I hand-glided the model into tall grass as I worked out the needed control trim

adjustments. The model showed characteristics of extremely high spiral stability. The

effective dihedral (roll due to a side gust) was very high, and launching the model into

a bank would cause it to roll immediately to the equivalent of a wings-level position.

Expanding the flight envelope, I then started hand-launching the model from the

rooftops of buildings for longer flight times. The outer elevons were effective but not

overly sensitive to adjustments for longitudinal trim and turning control.

Experimenting with the vertical rudders, I found the roll response very sensitive to

very small settings of the rudders. In these first flights of the model, I did not experi-

ment with body flaps. The model had a steep gliding angle, but it would remain

upright as it landed on its landing gear.

Next, I towed the model aloft by attaching a thread to the upper part of the nose

gear, then running as one does in lifting a kite into flight. The model was exception-

ally stable on tow by hand. Naturally, I then thought of towing the model aloft with a

gas-powered model plane since I just happened to have a stable free-flight model that

I had used successfully in the past to tow free-flight gliders.

11
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Attachingthetow-lineontopofthemodel'sfuselage,justatthetrailingedgeof
thewing,createdminimumeffecton thetowplanefromthemotionsof theglider
behindit. Aftersufficientaltitudewasreachedforextendedflight,a free-flightvacu-
umtimerreleasedthelifting-bodygliderfromthetow-plane.All flightsofthemodel
weredoneat PeteSterks'rancheastof Lancaster,anareawheremostof theNASA
FlightResearchCenteremployeeslivedatthetime.FromSterks'sranch,I hadalso
flownothermodelairplanesaswellasmy65-horsepowerl,uscombelightplane.

I foundtheinherentstabilityof theM2-F1lifting-bodymodel,bothin freeflight
andontow,veryexciting--somuchsothatI knewit wastimetomakeafilm toshow
mypeersandbossesjusthowstableit wasin flight.TofilmtheflightoftheM2-F1
lifting-bodymodel,I enlistedthehelpofmywife,Donna,andour8ramcamera.We
madethefilmonanice,calmweekendmorningatSterks'ranch.WhileI preparedthe
tow-planeandtheM2-F1modelforlaunch,Donnastretchedoutonthegroundonher
stomachtofilmtheflightfromalowangle,makingtheM2-F1modellookmuchlarg-
er thanit actuallywas.

BoththeflightandDonna'sfilm-makingweresuccessful,thefilm showingthe
M2-F1stableinhightow,thenglidingdownin alargecircleafterthetimerreleased
it fromthetow-plane.Thelifting-bodymodelreachedthegroundmuchsoonerthan
did thetow-planebecausethelifting body'smuchlowerlift-to-dragratiogaveit a
muchsteeperglidingangle.TheM2-F1madeagoodlandingonSterks'dirt strip,
whilethetow-planelandedunharmedin ttle alfalfafield nextto thelandingstrip.
SinceI wasjust gettingstartedin radiocontrolat thetime,I usedthefree-flight
approachin theseearlyflightsto keepthingslightweightandsimple.Later,I towed
theM2-F1lifting-bodymodelwitharadio-controlledtow-plane.

Starting a Lifting-Body Team

My mountingenthusiasmbeganto rub off onmy peersat theNASAFlight
ResearchCenter.Thefirsttojoinmylifting-bodycausewasayoungresearchengi-
neernamedDickEldredge.(Infact,wewereall youngatthetime.) A graduateof
MississippiState'saeronauticalengineeringdepartment,Dickhadbeenastudentof
anacrodynamicistnamedAugustRaspet,whohadestablishedaflight-testfacilityat
a landingstripneartheuniversitywhereheinvolvedmanyofhisstudents,including
Dick,in flightresearch.Asaresult,DickhadbroughtwithhimtotheNASAFlight
ResearcilCenteragreatdealofskill andenthusiasmregardingtheaerodynamicsand
structuresofaircraftdesign.

Havingbuiltthreeglidersonhisown,Dickhadexcellentskillsindesignandfab-
ricationofstructuresin weldedsteel,wood,andaluminumsheet-metal.At thetime,
theNASAFlightResearchCenteralsohadasmall"SkunkWorks"secondtononein
itsskilledmachinists,aircraftwelders,sheet-metalworkers,andinstrumentbuilders.
Dickkneweachofthesecraftsmenpersonally,notjustatworkbutmuchmorethrough
contactwith themon theweekends,manyof theseNASAcraftsmenalsobeing
involvedwiththeirownairplane-buihlinghomeprojects.

12
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Dick Eldredge and Dale Reed resting their arms on the M2-FI. In the background is n Space Shuttle, which

benefited from lifting-body research. (NASA photo EC81 16283)

Dick Eldredge and I made a strange but good team. Since I was tall and he was

very short, some people thought of us as a "Mutt & Jeff" duo. Together, we would cri-

tique and challenge each other's ideas about how to solve design problems until we

mutually came up with the best solutions. We never wasted time belaboring the prob-
lem but, after agreeing on a solution, went on to the next design challenge. I always

thought of Dick as my "little buddy."

Dick and I enjoyed bouncing ideas off one another for new aircraft designs. At the

time, the British Kramer Prize had not yet been awarded for the world's first man-pow-

ered airplane. Each year, the prize became more enticing to us as it grew in size to

$100,000 and opened to persons beyond Britain throughout the world. At lunchtime,

Dick and I plotted and schemed on how we could win the Kramer Prize. Dick had

done a lot of research on the various British designs that, while they couhl fly in a

straight line, could not make the required figure eight. Most of these designs includ-

ed hundreds of parts and took hundreds of hours to build. Dick and I agreed that the

winning design would have to have very low wing loading and be simple to build and

repair. Unfortunately, we both were young enough to have growing families that

required a great deal of our time at home, so Dick and I never had the time or means

for an after-hours project of the sort that might win the Kramer Prize.

13
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However,DickandI hada mutualfriendin PaulMcCreadyof Pasadena,who,
aboutthetimewewereforcedto abandonourman-poweredproject,gothis family
involvedin asimilarproject,helpedalongbyanumberof volunteerswithskillsin
model-buildingandbicycle-racing.McCreadyput intoactionthelowwingloading
andsimplestructuralapproachthatDickandI hadonlybeenabletotalkabout.

At Taft,nottoofarfromEdwardsAir ForceBase,McCreadydemonstratedthe
worhl'sfirstman-poweredflightwiththeGossamerCondor.Hisfirstflighttestsofthe
GossamerCondor,in fact,hadbeenatMojave,justdowntheroadfromEdwardsAFB.
McCreadywentontobuildasecondcraftcalledtheGossamerAlbatross,whichthe
bicyclistBryanAllanpilotedacrosstheEnglishChannel.7

Afterwards,IworkedwithMcCreadyandabackupGossamerAlbatrossonaflight
researchprogramat theNASAFlightResearchCenter,havinggottenapprovalto

Proposed Antes _II2-F1, MI-L half cone, and Langley lenticular bodies. Dale Reed attd Dick Eldredge pro-

posed testing the three shapes using a common internal structure for all of them. (NASA photo E62 8933)

7. See M. Grosser, "Building tilt! Gossamer Albalross," Technology Review 83 (Apr. 1981): 52_53;

Paul MeCready, "Crossing the Channel in the Gossamer Albatross," Sociely of Experimental Test Pilots,

Technical Review 14 (1979): 232-43.
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makethisofficialNASAprojecttomeasuretheaerodynamiccharacteristicsoftheair-
cr',fftwith lightweightresearchinstrumentationinstalledat the FlightResearch
Center.Thissuccessfulprogramresultedin apublishedreporton theaerodynamic
characteristicsoftheGossamerAlbatross.8

Asa team,oncewebothwerebittenbythelifting-bodybug,DickandI devel-
opedaresearchplanfortestingthreelifting-bodyshapeswithacommonstructural
framehousingthepilot,landinggear,controlsystem,androll-overstructure.The
threelifting-bodyshapesweretheAmesM2-F1,theM1-Lhalf-cone,andthel,angley
lenticular.

Thelenticularlifting-bodyshapewasparticularlyintriguingbecause,tomanyof
us,it immediatelycallsto mindthepopularflying-saucerportrayedby themediaas
the spacecraftof extraterrestrials.My wife,Donna,however,hadherownspecial
appreciationofthelenticularshape,dubbingit the"PowderPuff."

All threeofthelifting-bodyshapeswerebasedonsomesortofvariablegeometry.
TheM2-F1wasa 13-degreehalf-conethatachievedtransonicstabilitybyspreading
itsbodyflapsmuchlike what'sdonebyashuttlecockin thegameofbadminton.The
M1-Lwasa40-degreehalf-conethatachievedabetterlandinglift-to-dragratioby
blowingupa rubberboattail afterit sloweddown.Thelenticularlifting-bodywould
transitiontohorizontalflightbyextendingcontrolsurfacesaftermakingreentrymuch
like asymmetricalcapsule.

Ourconceptwasto constructtheshapesseparately,buildingthreewoodenor
fiberglassshellsthatcouldattachtoaninnerstructurecommontoall threeshapes.If
wecouldbuildthevehiclestobelightenough,theycouldbetowedbygroundvehi-
clesacrossthelakebedbeforebeingtowedaloftbyapropeller-driventow-plane.

Dick suggested a control system that I liked instantly: a mechanical way of mix-

ing controls that was similar to what is done now in modern high-tech aircraft by dig-

ital electronic control systems. The scheme was to connect a swashplate on the aft end

of the steel-tube structure to the pilot's control stick and rudder pedals. The swash-

plate, pivoting on one universal joint, took up various positions, depending on the

combination of roll, pitch, and yaw commands the pilot sent to the front side of the

swashplate. With push rods hooked up to different locations on the backside of the

swashplate, and to the horizontal andve_icalcontrol surfaces on the aft end of the lift-

ing-body shapes, any combination in control-mixing could be achieved. These con-
trols could be altered easily during the flight-test pro_am or changed to fit another

lifting-body shape.

8. Henry R. Jex and David G. Mitchell, "Stability and Control of the Gossamer Human-Powered

Aircraft by Analysis and Flight Test" (_:ashington, D.C.: NASA Contract Report 3627, 1982).
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THEADVENTURE BEGINS

Mih Thompson Joins the Lifting-Body Team

Fired by enthusiasm, Dick and I kept charging down the design road with the lift-

ing-body research vehicles so that we could make a pitch to our boss, Paul Bikle, to

gain his support for a lifting-body program. One day I told Dick, "You know, if we had

a pilot on our team, we would have a much better chance of selling the program con-

cept." Then, we talked to Mih Thompson, whom we saw as the NASA test pilot most

likely to be interested in our project.
Mih was a skilled pilot with a distinguished background as a Naval aviatol,

Boeing flight-test pilot, and NASA research pilot. As one of the twelve NASA, Air

Force, and Navy pilots who flew the X-15 between 1959 and 1968, Mih had fourteen

flights in the rocket-powered aircraft to his credit, reaching on separate occasions a

maximum speed of 3,723 mph and a peak altitude of 214,000 feet.

Earlier in 1962, before Dick and I talked to Mih about the lifting-body project,

the Air Force had selected Mih to be the only civilian pilot for the X-20 Dyna-Soar

program scheduled to launch a man into earth orbit and recover with a horizontal

ground landing, a program later canceled shortly after construction had begun on the

X-20 vehicle. Not having an ego problem, Milt loved flying unusual or unorthodox air-

craft configurations as varied as the rocket-powered X-15 and the ungainly Paresev, a

vehicle designed and built at the NASA Flight Research Center's "Skunk Nbrks" to

test the Rogallo Wing concept for spacecraft recovery.

Mih was easy to talk to and could relate readily to flight research engineers. Very

methodical in planning flights, he did not take risks beyond the unavoidable ones nor-

mal for first-time aircraft configurations, a characteristic that earned him high regard

from both pilots and project managers. A handsome, wild, and wonderful guy, Milt had

a winning personality and persuasive charm. All the women seemed to be in love with

him. Popular, he was a friend to everyone. Dick and I knew that Mih was the guy who

could help us sell the lifting-body program.

We presented to Mih our idea for testing lifting bodies, asking him if he would join

us and fly a lifting body--if and when we got one built. Without hesitation, he gave us

a solid "yes." Now we were a team of three.

The three of us put our heads together to decide on the next step to take in pro-

rooting our program. Mih suggested that if we had one of the originators of the lifting-

body reentr3, concept on our side, we could move our cause along more rapidly.

I phoned A1 Eggers at the NASA Ames Research Center, located at Moffett Field

in northern California, and described our idea to him. Very enthusiastic, Eggers asked

how he could help. At the time, Eggers was a division head at Ames in charge of most

of the wind tunnels. We were going to need a lot of support in wind-tunnel tests if we

were to figure out how to fly these crazy aerodynamic shapes.

Telling Eggers that we were preparing a pitch to sell the idea to Paul Bikle, I

asked him if he would like to hear the pitch. "Definitely," he replied. We arranged a

meeting at the Flight Research Center so we could present our idea to both Paul Bikle

and A1 Eggers.
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WINGLESSFLIGHT

I presentedasimpleprogramplanforbuildingthevetliclesin the"SkunkWorks"
shopsattheFlightResearchCenter,instrumentingthevehicles,andthenflight-test-
ingthemtomeasurestability,control,andotheraerodynamiccharacteristicsin flight.
AfterI presentedthepreliminarydesigndrawingsthatDickandI hadmade,I showed
thefilmthatmywifehadmadeofmymodelM2-F1flights.

MihThompson'sendorsementoftheplanpushedit overthecrest.Wereceiveda
hearty"yes"frombothBikleandEggers.Eggersofferedfull useof thewindtunnels
for gettinganydataneededto supporttheprogramif Biklewouhtberesponsiblefor
developingandfligllt-testingthelifting-bodyvehicles.It wasagreedaswell,howev-
er,thatwewouldtakeit onestepatatime,startingwitt_theM2-F1configurationand
buihlingit asawind-tunnelmodeltobetestedin the40-by-80-footwindtunnelat
AInes.

Armed with a cause and fired with enthusiasm, we found ourselves gaining more

and more support from our peers. We even came up with an unofficial motto for our

lifting-body reentry vehicle project: "Don't be rescued from outer space--fly back in

style." With the space program then dependent on the ballistic capsules, the astro-

nauts were being fished out of the ocean, sometimes nearly drowning in the process

and usually after some degree of sea sickness. Wen Painter--later a prominent engi-

neer in the rocket-powered lifting-body program--drew a cartoon depicting the dif-

ference the lifting-body reentry vehicle would make in how astronauts would return to

earth, his cartoon showing the astronaut landing at an airport in style, greeted by a

reception hostess.

If the great enthusiasm of the builders at the NASA Flight Research Center

resulted in a wind-tunnel model capable of actual flight, well, as Bikle noted, that

would be something simply beyond the control of management. Later, we would go

through the official process of getting approval from NASA Headquarters for flying the

vehicle. In the meantime, we decided to get to work while everyone was enthusiastic

and ready to start. With this decision, the lifting-body program was launched.
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CHAPTER 2

"FLYING BATHTUB"

Our goal was to design and build a very lightweight vehicle that could he towed

across the lakebed with a ground vehicle and, later, aloft with a light plane, the way

sailplanes are towed. Based on the tiny model used in the filmed flights, the first lift-

ing-body vehicle was also called the M2-Fl--the "M" signifying a manned vehicle

and the "F" designating flight version, in this case the first flight version.

Months before the M2-F1 was completed, it had already been dubbed the "flying

bathtub" by the media. The first time seems to have been on 12 November 1962 in the

Los Angeles Times article "'Flying Bathtub' May Aid Astronaut Re-entry." The arti-

cle included a photo of Milt Thompson sitting in a mock-up of the M2-F1 that,

indeed, looked very much like a bathtub.

Paul Bikle decided to run the project locally, financing it entirely from discre-

tionary funds. He thought that a volunteer team at the NASA Flight Research Center,

supplemented with local help as needed, could build the M2-F1 faster and cheaper
than NASA Headquarters could through a major aircraft company. As history proves,

Bikle was right.

The M2-FI was built entirely in four months. Engineers at the Flight Research

Center also kept the cost of designing, fabricating, and supporting the M2-F1 to under

$30,000, about the cost of a Cessna. At the time the M2-F1 was buih, someone asso-

ciated with a major aircraft company was cited anonymously as saying that it would

have cost an aircraft company $150,000 to build the M2-F1. The extremely low-cost

M2-F1 program would have invaluable results later, proving to be the key unlocking

the door to further lifting-body programs/

A Matter of Teamwork: Building the lVi2-F1, 1962-1963

After our meeting with Paul Bikle and A1 Eggers, we were swiftly swept up into

the enthusiastic atmosphere of the lifting-body program. On his return to the NASA

Ames Research Center, Eggers asked Clarence S)wertson, his deputy, to coordinate all

wind-tunnel tests that we needed in support of our design and flight-planning activi-

ties. Meanwhile, at the NASA Flight Research Center, Bikle asked me to put togeth-

er a team to design and fabricate the first lifting-body vehicle.

Long before I began to put together that team, Dick Eldredge and 1 had already

fairly much agreed that the basic design would include two structural elements, a core

1. Stephan Wilkinson, "The I,egacy of the Lifting Body," Air & Space (Apri|/May 1991), p. 51;

ilallion, On the Frontier, p. 149.
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"FLYINGBATHTUB'"

M2-F1 fin fabrication by Grierson Hamilton, Bob Green, and Ed Browne. (A)ISA photo E94.12509-I3)

steel-tube structure and a detachable aerodynamic shell. However, the real work lay

ahead of us in the detailed design of the hundreds of parts needed for the
actual vehicle.

To do this work, I selected a design-and-fabrication team made up of four engi-
neers and four fabricators, all of whom were aircraft buffs involved with home-build-

ing their own airplanes, most of them members of the Experimental Aircraft

Association. These individuals had worked together to some extent on previous pro-

grams in the Flight Research Center's unofficial "Skunk Works." The group's chief

designer was Dick Eldredge. To lead the team, we got Vic Horton, a no-nonsense oper-
ations engineer who took pride in keeping to schedules.

Horton picked up a few extra part-time volunteers as the work got underway.

Hardware designers, besides El&edge, included Dick Klein and John Orahood. Meryl

DeGeer calculated stress levels in the structure to verify the adequacy of the design.

Ed Browne, Howard Curtis, Bob Green, Grierson Hamilton, Charles Linn, George
Nichols, and Billy Shuler fabricated the internal steel-tube carriage of the M2-F1 as
well as its aluminum sheet-metal tail fins and controls.
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WINGLESSFLIGHT

Oncewehadtheinitialteam,weneededaplacetowork.Wesectionedoffacor-
nerof thefabricationshopwitha canvascurtain,labelingit the"WrightBicycle
Shop."Indeed,wefeltverymuchlike theWrightBrothersin thosedays,workingat
theveryedgebetweentheknownandunknownin flightinnovation.In the"Wright
BicycleShop,"weput thedraftingboardsnextto themachinetoolsfor maximum
communicationbetweendesignersandfabricators.Thisstrategyworkedextremely
well.A fabricatorcouldleanoveradesigner'sdraftingboardandsay,"I couldmake
thispartfasterandeasierif youwouldchangeit tolooklikethis."

I thinkourprojectwasBikle'sfavoriteatthetime.Wewouldseehimatleastonce
aday,andwegotagreatdealofextraattentionfromhim.A fewchoseatthetimeto
grumbleaboutBikleactingasif hewerethesuperprojectengineerontheM2-F1,but
I thinkthatwethrivedasateamfromhispresence.Foronething,I haveneversince
seenonlaterprojectsenthusiasmormoraleashighamongteammembersasexisted
ontheM2-F1project.In fact,it reallyisn'tanexaggerationto saythatwehadtrou-
ble keepingthe teamfrom workingthroughlunch, during the evenings,or
onweekends.

TheM2-F1projectalsobenefitedfromBikle'sexperienceandsuggestions.While
wedidn'thavetousehissuggestions,wedid needtohavegoodreasonsfornotusing
them.A timewhenoneof hissuggestionshelpedusagreatdeal--andtherewere
manysuchtimes--waswhenwehadeverythingelsethoughtoutandhadbeguntry-
ingtodecidehowtobuildtheaerodynamicshell.

Thecoreofthedilemmahadtodowiththeshell'sweight,whichwehopedtokeep
under300pounds,wantingavehicleofminimumweightsothattheM2-F1wouldfly
slowlyenoughthata groundvehiclecouldtowit aloft.Dick EldredgeandI were
thinkingaboutbuildingtheshelloutoffiberglass,butweweren'tsurewecouldkeep
theweightwithinnecessarylimits.

Weknewthatourvehicledesignlentitselfeasilytobeingbuilt in twodifferent
locationsbytwodifferentteams,thetwomainassembliesbeingjoinedlater.Weknew
thatwecouhtbuild theinternalsteel-tubecarriage,tail surfaces,andcontrolsin our
NASAshopwhiletheoutershellwasbeingbuilt elsewherebya secondteam.But
whereandbywhom?

BiklesuggestedthatwetalktoasailplanebuildernamedGusBriegleb,whooper-
atedanairportforglidersandsailplanesatE1Miragedrylake,45milessoutheastof
EdwardsAir ForceBase.Biklealsosuggestedthathemightbeabletofindenough
moneyinhisdiscretionaryfundto contractBrieglebto buildtheshellfor usoutof
wood.

One of the nation's last artisans building aircraft out of wood, Briegleb had found-

ed the Briegleb Glider Manufacturing Company during WoAd War II to design and

build wooden two-place trainer gliders for Army pilots being trained to fly troop-

assault gliders. The two-place trainer gliders were used to train these pilots to fly in

formation on a tow-line and performing precision dead-stick landings after release

from Navy R4D tow-planes (same as the Air Force C-47). The troop gliders were used

extensively during the Allied invasion of France, with the Briegleb Glider
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ManufacturingCompanybeing one of only a few companiesmanufacturing
thetrainers.

In 1962,whenwecontactedhim,GusBrieglebwastryingtokeepalivetheartof
fabricatingwoodenairplanesbysellingkits ofahigh-performancesailplanethathe
haddesigned.Betweensellingthesekitsandoperatingtheglider-sailplaneairportat
E1Mirage,Guswasmakingaliving,buthedefinitelywasnotgettingrich.

Brieglebrespondedenthusiasticallywhenweapproachedhimaboutbuildingthe
M2-F1shelloutof wood.Althoughwoodeventuallygavewayto aluminumsheet-
metalin theproductionofaircraftforagoodnumberofexcellentreasons,woodisstill
oneofthemoreefficientstructuralmaterialsforaircraftin termsoffatiguelife,vibra-
tiondamping,andstrength-to-weightratios.Brieglebinitially proposedto build the
shelloutofwoodforonly$5,000.

Thinkingthatsumwastoolow,BikleaskedBrieglebif hehadconsideredover-
head,profit,andunforeseenproblemsthatwerelikely toariseduringthebuildingof
theshell.A builder,nota businessman,Brieglebadmittedhehadnotconsidered
thesethings.Biklesaidthathecouldauthorizeup to$10,000forthewoodenshell,
thatbeingat thetimethelimit for smallpurchasesat theNASAFlightResearch
Center.Brieglebagreedtomeetthe300-poundtargetweightandthestrengthspeci-
ficationsthatDickEldredgeandI haddeterminedfromairloadcalculations,andhe
agreedtodelivertheshellfourmonthsfromthedatethecontractwassigned.

Wooden shell of _2-F1 at E1 Mirage, see,_ from the rear. (NASA photo E94 42509-10)
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WhenBrieglebgotintothedetaileddesignprocess,hefoundthattheshellwould
havetobefarmorecomplicatedthanhehadoriginallythoughttokeepit tothespec-
ifiedweight.Hehadunderestimatedthehoursneededtobuihttheshellbyatleasta
factorofthree.Theshellhadtobemadewithtwointernalkeelstocarrytheloadsto
thesteel-tubeframe.Hundredsofsmallwoodenpartsmadeup thesebuih-upwood-
enkeels.Tosupporttheouterskinshape,thekeelsalsohadmultipleinternalcross-
bracingsmadeofminiaturewoodenboxbeamsofwebsandsparcaps,all nailedand
gluedtogether.

WhenwesawthepredicamentthatBrieglebwasin,wesenthimsomehelp:Ernie
Lowder,aNASAcraftsmanwhohadworkedonbuildingHowardHughes'mammoth
woodenflying-boat,theSpruceGoose.DespitehavingLowderasafldl-timefabrica-
tor,Brieglebsayshe still atequitea bit of the $10,000contract.Nevertheless,
Brieglebwasveryproudofhiswork,andsowerewe.Hedeliveredtheshellto uson
time,atcost,andslightlyunderthe300-poundweightlimit.I think we gained a great

advantage by being able to use the last of America's finest wooden-airplane craftsmen
to build the shell of the M2-F1.

As Briegleb's team built the outer shell, NASA craftsmen built the internal steel-

tube structure. The steel-tube carriage was finished first, in about three months, and

while the wooden shell was still being fabricated at E1 Mirage, the carriage was being

rolled around on the landing gear. Eldredge and I had designed the M2-F1 so that it

took only four bohs to attach Briegleb's shell to the internal structure.

Team Three for Analysis

Once the two teams were in place and building the two main structures of the M2-

F1, I realized we also needed a third team to do the analysis on aerodynamics, con-

trol rigging, and characteristics of stability and control to support flight tests. Using
the wind-tunnel data on small-scale lifting-body models that we were beginning to get

from the NASA Ames Research Center, I could determine the basic stick-to-surface

gearing in pitch for the outer elevon surfaces and the upper body flap. Rotating the

lifting body nose-up to moderate angles of attack amplified to high angles the flow on

the aft sides of the bulbous M2-F1 shape.

Tufts of yarn on the small-scale wind-tunnel model had indicated that its outer

elevon surfaces experienced about twice the change in angle of attack experienced by

the model's nose. Consequently, I specified gearing for the outer elevons to move three

times more than the body flap with fore and aft travel of the pilot's control stick. I did

this so that, when a differential roll side input was made from the pilot's stick, there

would be no risk of stalling an elevon surface, causing reversal of the roll or loss of

control of the vehicle during the roll.

Determining control rigging and gearing for turn control was not as obvious as that

for pitch control. The M2-F1, and almost all of the later lifting bodies, have extreme-

ly high dihedral--that is, with wind from the side (called "sideslip"), the vehicle

wants to roll in the opposite direction. Because of this characteristic, rudder deflec-
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tions actually resulted in roll rates higher than those produced by differential elevon

deflections. Since lifting bodies also have extremely low roll damping from having no

wings to resist roll rates, and since Dutch roll results from the extremely high dihe-

dral inherent in most lifting bodies, we had a potentially dynamic problem in stabili-

ty anti control if we did not do the right thing in designing the control system.

Obviously, we needed help from the experts in stability and control at the NASA

Flight Research Center, all of whom were currently working on the X-15 program. In

its later stages after three years, the X-15 program still had number-one priority at the

Center. Because the X-15 program was so well organized and ran so smoothly by that
time, many aspects were getting to be routine, even though there were still some sur-

prises showing up during the speed and ahitude buildup as the flight envelope was

being expanded. Our unofficial lifting-body project was able to recruit the help it

needed, despite the on-going X-15 program, thanks to Bikle's policy that the NASA

Flight Research Center had an equal responsibility to aeronautical research directed
to the future.

Ken lliffo first member of the lifting-body analytical team, with Dale Reed. (NASA photo E66 15469)
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MyfirstvolunteerwasKenIliff, nowtheChiefScientistatNASADryden,whoat
thetimewasabrightandenthusiastictwenty-one-year-oldengineerjustoutofcollege
anddoingamundaneanalyticaltaskin reducingX-15flightdata.Iliff pokedhishead
in theofficewhereEldredgeandI wereworkingand,afterinquiringwhatwewere
doing,askedif therewasanythinghecoulddotohelpusout. "Sure!"I repliedquick-
ly,notoneto refuseanyhelpI couldget.

AfterexplainingtoIliff thatweplannedtogetahigh-speedground-towvehicleto
towthefull-scaleM2-F1modelacrossthedr)'lakebed,I askedhimtotakeastabat
calculatingwhattherotationandlift-offspeedswouldbeonground-tow,information
weneededindeterminingtherequirementsforthetowvehicle.Wecouldhaveaprob-
lem,I explained,if theaerodynamicpitchcontrolswerenotstrongenoughtolift the
nose,overcomingthenosemomentsfromthewheeldragandthetow-lineforce.

Iliff gotbusy.Hecalculatedrotationspeedtobe59milesperhourandlift-off
speedtobe85milesperhour.Later,whenweactuallyground-towedtheM2-F1,we
measuredrotationspeedat 60milesperhourandlift-offspeedat86milesperhour.
Needlesstosay,wewereimpressedwiththisyoungengineer.

Mathematical Voodoo

Although he continued to maintain his obligations to the X-15 program, Iliff

became more and more involved in our little lifting-body program. He started looking

at the stability and control characteristics of our strange bird--just in case we did try

to fly the M2-F1 following the full-scale wind-tunnel tests. Iliff sought help from his

mentox, Larry Taylor, another engineer then studying pilot-control problems on the

X-15 who was experienced in applying some of the latest techniques in analyzing

stability and control problems on new aircraft configurations. Although Taylor

had applied some of those techniques to the X-15 with success and gained the

credibility of a number of his aerospace peers, some of the old-time flight-test engi-

neers, including Paul Bikle, considered Taylor a radical practicing a kind of

engineering witchcr',fft.

Taylor claimed he could use mathematics to describe the piloting characteristic

of a test pilot, then predict tile outcome of a planned flight. He called this the "human
transfer function." Bikle disagreed, saying there was no way to predict how a pilot

would perform on any one day, emphasizing that a pilot's performance was impacted

by events in his personal life, such as having a spat with his wife or partying the night

before a flight.
I felt both viewpoints had validity. I agreed with Taylor's viewpoint that there are

fundamental differences in how individual pilots react to a difficult control task. In a

stressful situation that leads to problems with pilot-induced oscillation, the gains of

some pilots rise much faster than those of other pilots. An aircraft can go out of con-

trol if it has a tendency to oscillate in a particular direction, especially if the pilot tries

to stop the oscillation by chasing the aircraft with the controls. Sometimes the airplane

will halt the oscillations on its own if the pilot will slow down or stop moving the con-
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trois.However,thisisnottheusualormostnaturalreactionforapilotduringa stress-

ful situation, for as arm and leg muscles tighten up from stress, control movements

usually increase.

The master sorcerer of mathematical voodoo, Larry Taylor, was at the time pass-

ing his mystical art on to his apprentice, Ken Iliff, especially a strange engineering

plot called "root locus" that many pilots then thought was pretty far-out stuff. The

three categorical ingredients of this mathematical potion were the airplane's aerody-

namics, inertial data composed of weights from all parts of the airplane, and flight con-

ditions such as speed, altitude, and angle of attack. The root-locus plot gave results

for different types of pilots, ranging from the totally relaxed pilot who does nothing

with the controls to the high-gain pilot who moves the controls rapidly.

One magical point on the plot called the pole represented the "do-nothing" pilot.

Another magical point called the zero represented the high-gain pilot or autopilot. A

line connected these two points, representing all pilots between the two extremes. If

the line moved into the right side of the plot, the pilot/aircraft combination was
deemed unstable, predicting loss of control of the aircraft. Despite the fact that in the

early 1960s even a number of engineers considered the root-locus analysis to be some

sort of witchcraft, today root locus is a common mathematical tool used by stability

and control engineers.

According to Bob Kempel--then with the Air Force and later a stability and con-

trol engineer at the NASA Flight Research Center with considerable influence on the

design of control systems for experimental piloted and unpiloted NASA aircraft--root

locus is a tool by which engineers can predict potential instability prior to flight so that

a possibly catastrophic situation can be avoided by either pilot training or modifica-

tion of the flight control system. "The intent of the engineer," says Kempel, currently

active in control-system designs, "is to pro'_ide the test pilot with a pilot/airplane com-

bination that will remain stable, regardless of pilot gain," workload variations, or

emergency control situations.

Well tutored by Taylor in this technique, Iliff set off to predict the M2-FI's qual-

ities during flight. He modeled the lifting body mathematically for free-flight as well

as for flight while on tow. He found that the tow-line fo_ve was quite high in opposing

the high drag of the lifting body, adding a high level of static stability to the system,

much like towing a high-drag target behind an aircraft.
About this time, two more volunteers showed up whose help would be invaluable

on the M2-F1. Bertha Ryan and Harriet Smith, two junior engineers who did not have

strong obligations to the X-15 program, asked me what they could do to help. In get-

ting Ryan and Smith as well as so many other volunteers, I was enjoying a bit of luck.

The 50 percent of the work force at the NASA Flight Research Ceuter not committed

to the X-15 program wasn't being taxed fully in support of other official NASA pro-

grams. Even in those days, bureaucratic methods of operation caused tremendous lags

to appear between approval and funding cycles. Furthermore, peaks and valleys in

workloads occurred at the field stations whenever NASA Headquarters approved,
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turneddown,orcanceledaprogram,nomatterhowwell thefieldmanagerssched-
uledwork.

I wasoneofthoseJohnny-on-the-spotopportunistswhowouldmovein withmy
smallprogramtotakeadvantagewhenvalleysappearedin workloads.Mostsupervi-
sorslikedtokeeptheirpeoplebusy,andit didn'thurtthelifting-bodyprojectonebit
tohavethelocaldirectorinterestedenoughin ourprojectto sendusnewvolunteers.
BiklehadencouragedRyantoworkwithus,knowingthatsincesheownedherown
sailplane,shewouldhavepracticalaswellasanalyticalskillsusefultotheproject.

Althoughengineerstodayareasoftenwomenastheyaremen,womenengineers
werenotcommonin theearly1960s.AftertheyvolunteeredontheM2-F1project,I
explainedto RyanandSmiththatMihThompsonwantedsomesortof simulatorfor
practicebeforeflyingtheM2-F1.Goodfriends,RyanandSmiththoughtthetask
wouhlbefun.Theyalsolikedtheideaofworkingasanall-womansimulationteam--
perhapsoneof thefirstforthosetimes--withRyanpreparingtheaerodynamicdata
inputandSmithmechanizingthesimulation.Neitherofthemhadeversetupaflight
simulatorbefore,but theyfelt thatwhilethetaskwouldbechallenging,theycouht
alsolearnquiteabitbydoingit. Actually,all ofuswerefairlynaiveaboutsimulators
in thosedays,eventhoughasimulatorhadbeensetupfor theX-15.

:/ \:

ttarriet Smith, a member of the lifting-body simulatioa team and also of the analytical team. (NASA pttoto

E58 3731)
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Bertha Ryan, another member of the lifting-body simulation team and also of the analytical team. (Pritrate

photo furnished by Bertha Ryan, NASA photo EC97 4,1183-2)
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WhenEldredgeandI haddesignedtheM2-F1controlsystemtobeflexible,we
had thoughtwe werebeingclever,neverrealizingthat wecreateda veritable
Pandora'sbox.InsteadofhavingjustoneversionoftheM2-F1tosetuponthesimu-
lator,wehadasmanyasfive,oneforeachwayourvariablecontrolsystemcouldbe
hookedupin its swashplatedesign.

Wehadsixcontrolsurfacesontherearofthevehiclethatwecouldhookupin
anycombinationto thepilot'sstickandrudderpedalsforpitch,roll, andyawcon-
trol--twoverticalrudders,twooutboardelevonsthatwecalled"elephantears,"and
twohorizontalbodyflapsatafttop.Wealsohadaremovablecenterfin,butnolower
bodyflaps.

Mostof thesimulatorsusedat thattimewerepurelyanalog,requiring30or40
hand-adjustedelectricalpotentiometers(called"pots")tobesetupforeachsimula-
tionsession.It wasveryeasytomakeamistakewhilesettingupthese pots, especial-

ly by setting a switch to give a minus instead of a plus sign, or vice versa. The only

way to guarantee a correct simulation was to require a verification process for each

simulation session. Despite their inexperience in setting up a simulation, Ryan and

Smith were very methodical. They kept good notes and records, working hard at doing

a good job.

Since pitch control did not seem to be a problem on the simulator, we spent much

of our time trying to determine the best way to control roll and yaw on the M2-FI.

Early on, we decided to eliminate the center fin as well as the differential control on

the body flap. The center fin only made the already high dihedral even higher.

Besides, we already knew from small-scale wind-tunnel tests that we had plenty of

directional stability from the two vertical side fins. By making the body flap single-

pitch rather than split, it could be used like an elevator, eliminating the need for the

center fin as a fence against adverse yaw from a body-flap elevon system. The shop

team members had already fabricated a two body-flap system, but by the simple expe-

dient of bolting the right and left flaps together, they made one large flap.

We had narrowed the lateral-directional control system down to two basic possi-

ble schemes. In the first control scheme, right stick deflection would move the outer

elevons for roll to the right, and the right rudder pedal would move both vertical rud-

ders to the right. In the second control scheme, right stick deflection would move bott_

vertical rudders to the right, and the right rudder pedal would move the outer elevons

for roll to the right. Working with us as a part of the analytical team by flying the sim-

ulator in the ground cockpit, Milt would give us a pilot's rating for each of the config-

urations we investigated. His rating system was on a scale of one to ten, depending on

the difficulty of changing and holding headings.

Eldredge and I had fairly much made up our minds in favor of the first control

scheme, intuition having told us that elevons or ailerons should be controlled by the

stick while rudders should be controlled by the rudder pedals. We were shocked when

Milt told us that he preferred the second control system. His reasoning was that roll

rates resulting from the rudders being deflected were twice as high as those resulting
from differential elevon deflection. Milt felt that he could control the vehicle by using
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M2-F1 simultltor cockpit. (NASA photo E63 10278)
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properpilotingtechnique,andhesaidhewouldratherhavethehigherrollratesavail-
abletohimif heneededthem.

If anyresearchpilotcoulduseproperpilotingtechnique,it wasMiltThompson.
Hewasa cool,disciplinedpilotwhocouldthinkwellduringemergenciesor under
otherstressfulconditions.HehadalreadyprovenseveraltimesduringtheX-15pro-
gramthathecouldandwouldworkcloselywithengineersin solvingpotentialflight
problems.Healsolikedtounderstandfullytheidiosyncrasiesofanaircraftbeforehe
flewit. In myopinion,MihThompsonbelongsuptherewithChuckYeagerinanyesti-
mateofhistoricgreatnessfortestpilots.Milt Thompsonnotonlyhadthesamestick-
and-rudderskill andcoolnessunderfire thatChuckYeagerhad,buthealsohada
certainelegancein thinkingwhendealingwithengineers.Mihhadsuchanair of
modestdignityandcredibilityabouthim--whattodaymightbecalled"charisma"--
thatwhenhesaidhepreferredthesecondcontrolsystemfortheM2-F1,welistened
tohim,eventhoughwedidn'tnecessarilylikehischoice.

At thispoint,Iliff did aroot-locusplotforbothcontrolsystems.Hedetermined
thattherewasnoprobleminvolvedwithusingthefirstcontrolsystem,withitsuseof
theelevonsforroll control.However,hefoundtherecouldbealargeproblemwiththe
secondsystemwhichusedtheruddersforrollcontrol.Withthesecondsystem--the
oneMihpreferred--theM2-F1couldbedrivenunstablein DutchRoll,resultingin
lossof controlofthevehicle,if thepilot'sgainsweretoohigh.AlthoughTaylorwas
doingagoodjobinverifyingtheroot-locustechniqueontheX-15program,it wasstill
toonewtobeacceptedbyothersasavaliddesignorplanningtool.DespiteIliff'scon-
clusions,Milt still insistedonusingthesecondcontrolsystem.His planforthefirst
car-towtestswasto gentlyrotatetheM2-F1nose-upuntil it wasflyingafewinches
off thelakebedbeforehemadeanyrudderor control-stickinputs.Then,hewould
movethecontrolsveryslowlytotestthemout.If thingsdidn'tlookgood,hewouldset
thevehiclebackdownonitswheels,andwecouldtry theothercontrolsystem.

Whilethesimulatorisawonderfultoolindesigningaircraftandplanningflights,
simulatorresultsmustbeinterpretedverycarefully.A heavysmoker,Milt wouldsit
in thesimulator'scockpittotallyrelaxed,acigaretteinonehand,flyingwiththeother
hand.Underthoseconditions,unlikethoseofactualflight,hehadnotendencytoward
drivingtheDutchRollmodeunstable,asIliff hadpredictedhewouldinactualflight.

Duringthemonthbetweenthecompletionoftheinternalstructureandthecom-
pletionofthewoodenshell,VicHortondecidedtotestthegroundstabilityandcon-
trol of theinternalstructurewithlandinggear.Thewheelsandnosegearassembly
weretakenfromaCessna150lightaircraft.Thepilotsteeredbyfootpedalsthrough
thenosegear.Mihbeingawayona trip,X-15researchpilotBiI1Danavolunteered
to sit in thepilot's seatwhile thestructurewastowedby automobileacrossthe
drylakebed.

Danawassoonhavingagreattime,sashayingbackandforthlike awaterskierat
thirtymilesanhourona300-foottow-linebehindtheautomobile.Havinggoodcon-
trolofthesteering,Danawasbuildingalotofconfidence.Then,hepulledfaroverto
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onesideandpulledthetow-release to test it out. Unfortunately, he had been holding

a large amount of rudder pedal to compensate for the side pull of the tow-line.

Suddenly, the vehicle veered sharply and started to roll over. Dana countered with

the rudder pedal. A wild oscillation began, the M2-F1 steel-tube skeleton doing a

wheely to the right, then a wheely to the left. Finally, Dana lost control, and the M2-

F1 flipped over. Fortunately, the fabricators had built a strong rollover structure, and

both pilot and vehicle came out of the episode without injury. Dana was embarrassed

by the incident, and we kidded him mercilessly for years, saying we'd call on him

again if we ever needed to run a manned structural test.

Final assembly of the M2-F1 began when the wooden shell arrived from E1

Mirage. We lowered the steel-tube internal structure, minus the landing gear, through
a large rectangular cutout in the top of the wooden shell. We inserted the landing gear

legs through holes in the shell and bohed them to the inner steel structure. Four bohs
on the two wooden keels attached the shell to the inner steel structure. The aluminum

tail surfaces, buih in the NASA Flight Research Center shop, were then bolted onto

the wooden shell, and controls were hooked up by push-pull rods. Finally, we attached

to the shell a Plexiglas canopy, made by Ed Mingelle of Palmdale for the M2-F1 after

Bikle recommended that we go to him since he was a specialist in making custom

canopies for sailplanes. Exactly four months from the day when Bikle had told me to

begin building, the completed M2-F1 rolled out of the "Wright Bicycle Shop."

14.167 ft.

(4.318 m)

Tall surfaces

..... NASA shop -_7 I
woooen snell,

i

i
_- Flap

22.167 ft. _ -Rudder
_, -Elevon

(6.756 m)
/-Swash plate variable control

_ngelle _A'_sh°P--_ _t

......
97Ct

Diagram showing contributions of the various participants in M2-FI construction (original drawing by Dale

Reed, digit.l version by Dryden Graphics Office).
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M2-FI steel tube carriage that was tested by Bill Dana in car-tow tests prior to the installation of the M2-

FI shell. (NASA photo E63 10756)

NASA's Muscle Car: Ground-Towing the M2-F1

Dick Eldredge and I had designed the M2-F1 to weigh 600 pounds. However, like

most prototype airplanes, it had grown in weight during fabrication, the completed

vehicle weighing in at 1,000 pounds. From Iliff's calculations of tlle M2-FI's tow force

and lift-off speed, we knew that to do taxi tests with the M2-F1 before the wind-tun-

nel tests at NASA Ames, we needed a ground-tow vehicle with greater power and

speed than any of NASA's trucks and vans could provide. 2

First, we needed a ground vehicle that could tow the M2-F1 at a minimum of 100

miles per hour. Secondly, we also needed a ground vehicle that, at that speed, could

handle the 400-pound pull needed to keep the 1,000-pound lifting body airborne. In

meeting these needs, we ended up with What was probably the first and only govern-
ment-owned hot-rod convertible.

Once again, a volunteer came along who had the know-how that we needed.

Working in operations at the NASA Flight Research Center at the time was Walter

2. Hallion, On the Frontier, p. 150.
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Pontiac tour vehicb, next to the M2-F1. Walter "'Whitey'" Whiteside purchased the Pontiac by special order

and hud it modified in a hot rod shop near Long Beaeh fi_r its special mission. (Privote photo fitrnished by

Bertha Ryan, ._4SA digital image ED96 43663-1)

"lgqlitey" Whiteside, a retired Air Force maintenance officer who was also a veteran

dirt-bike rider and expert hot-rodder. 3 Whitey volunteered to help us out by finding,

purchasing, modifying, testing, maintaining, and driving the high-powered ground-tow
vehicle that we needed.

At the time, the Pontiac Catalina seemed the best choice, this model having been

the big winner the year before in Utah at the Bonneville Salt Flats time trials. With

Boyden "Bud" Bearce's help in the procurement department, Whitey was able to

make a special order from the factory for a Pontiac Catalina ragtop convertible with

the largest engine then available, a four-barrel carburetor, and four-speed stick shift.

NASA engineers at the Flight Research Center equipped the Pontiac with its tow rig

and airspeed measuring equipment.

Whitey took the car for modification to Bill Straup's renowned hot-rod shop near

Long Beach, where the straight-piped Pontiac was modified to run a consistent 140

miles per hour. There, auto-shop technicians also applied their hot-rod wizardry to the

Pontiac, producing maximum torque at 100 miles per hour as measured by a

3. Milton O. Thompson, At the Edge of Space: The X-15 Flight Program (Washington, D.C.:

Smithsonian lnstilution Press, 1992), p. 52.
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dynamometer.Theyaddeda specialgearbox,with transmissiongearratiossignifi-
cantlydifferentfromthosethathadhelpedtheCatalinawinattheSaltFlats,enabling
thePontiac'.eventually(oncedragslickswereinstalled)totowthe1,000-poundM2-
F1to 110milesperhourin 30seconds.ThePontiac'ssouped-upenginegotabout
fourmilesto thegallon.Whiteygotfull supportfromtheNASAfabricationshops
headedbyRalph"Sparky"Sparks.Sparkyandhisright-handman,EmmetHamilton,
tookresponsibilityfor keepingthePontiacrunningandmakinganymodifications
requiredbyWhitey.

Forthesafetyofthedriverandtwoonboardobservers,Whitey]ladrollbarsadded
totheNASAmusclecar.Healsohadradiosandintercomsinstalled.Thefrontpas-
sengerbucketseatwasreversedandthebackseatwasremoved,replacedbyanother
bucketseatsothatasecondobservercouldsitfacingsideways.Ofcourse,thePontiac
hadtohavegovernmentplatesandtheNASAlogoonbothsides.Andjustsonoone
wouhlbeencouragedtothinkthecarwassomeone'spersonaltoypaidforwithgov-
ernmentfunds,thehoodandtrunkof thePontiacwerespray-paintedhigh-visibility
yellowsothattheconvertiblelookedjustlike anyotherflight-linevehicle.4

Whenthecarwasfinishedatthehot-rodshop,Whiteydroveit backtotheNASA
FlightResearchCenter.Amotorcyclefanaticandhot-rodderwholovedspeed,Whitey
foundit difficulttoholdbackoncehegotthePontiacoutsideLosAngelesamtonthe
highwayacrossthedesert.Realizinghewouldgethischancelatertoopenuponthe
drylakebed,hewasbeingparticularlycarefultoholdthePontiac'sspeedtothepost-
ed speedlimit whenhe sawin the rearviewmirrorthered light of a California
HighwayPatrol(CHIP)vehiclecloselytailingthePontiac.Pullingovertothesideof
thehighway,Whiteywonderedwhathe'ddonewrong.It turnedoutthattheofficerwas
merelycurious,havingneverbeforeseenagovernment-ownedconvertible,especial-
ly onewithasouped-upengine.Afteracarefulup-closelookandWhitey'sexplana-
tionof howthecarwouldbe used,theofficerdroveaway,,shakinghis headin
amazement.

ThePontiacalsocaughttheeyeofotherdriverswheneverWhiteytookit outonto
little-traveleddeserthighwaysnortheastofEdwardsAFBthroughFourComers,often
intoNevadawithitsthenanything-goesspeedlimits,tocalibratethecar'sspeedome-
ter,astypicallydonewittl researchairplanes.Laughing,Whiteyrecentlyrecalledone
particulartimewhenheheadedoutonjustsuchaventurewithoneofthebase'spilots

4. For other details on the Pontiac and its modificati_m, see ttallion, On the Frontier. pp. 150-151 ;

Wilkinson, "l.egacy of/he l.ifting Body," p. 54. For some details about ordering the Ponliac from the fac-

tory, intvw., Walter Whiteside by Darlene Lisler, 21-22 June 1996. Both FIallion and Wilkinson identify

the source of the modifications to the Pontiac as Miekey Thompson's shop. However, in an inteta iew with

Robert G. tloey and Betty J. l,ove on 22 July 1994, Walter Whiteside was adamant thai the smlrce was

Bill Slraup's shop and that Mickey Thompson was the source for only the wheels and tires. This last inter-

view is the source for several of the details in the present narrative.
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in thecar.As thePontiacrumbledalong,engine-exhaustsystemroaringasthe
speedometermovedabove100milesperhour,Whiteyglancedatthesilentpilot,only
tofindhimashen-facedandtryingtodisappearintotheseat.5

WhenwehadtheM2-F1completedandreadyforwind-tunneltestingatNASA
Ames,wewerestill dividedonwhichbasicroll-controlschemetouse.BerthaRyan,
HarrietSmith,andMill Thompsonbackedtheirinterpretationof simulationresults,
sayingtherudderswouldgivethebestroll control.KenIliff andLarryTaylorcoun-
teredwithwhattheirroot-locusplotsshowed--thatusingtheruddersforroll control
wouldleadtopilot-inducedoscillation.Ontheotherhand,I thoughtthattheoutboard
elevonsurfacessimplylookedrightforroll control,andI believedthatrudderswere
meantfor yaw--notroll--control.In theend,weagreedto usetheschemeMih
Thompsonpreferred,withthepilot'sstickhookedtotheruddersforroll control,as
longaswecouldreconfiguretotheotherschemeif thatonedidn'twork.

Ofcourse,wehadnoofficialapprovaltoflight-testtheM2-F1,whichwassup-
posedto be merelya full-scalewind-tunnelmodel.Sittingin the cockpit,Mill
Thompsonreasonedthatperhapsit wouhtn'treallybeflyingif wejustliftedit offthe
lakebedacoupleofinches.Boostingourconfidencewasthedatawehadfromtheear-
lier small-scalewind-tunneltests.Whenapproached,Biklesaidtogoforit, buttobe
carefi_l.

Wewereverycarefulaswebeganon1March1963,makingseveralrunsin car-
towatlowerspeeds,graduallyworkingup tothenoselift-off speedof 60milesper
houron5 April 1963.Duringtheseruns,Mihbecamefamiliarwiththecockpitand
withvisibilityoutthetop,throughthenosewindowathisfeet,andoutthesidewin-
dowlevelwithhisfeet,thesewindowsnecessitatedbytheanticipatedhighangleof
attack.Healsobecameadeptat nose-gearsteeringandusingthedifferentialbrakes
andlow-linerelease.

Afteraweekofthesecautioustowingsatlowerspeeds,Mihsaidhewasreadyto
try a lift-off. FollowingMill's radioeddirections,WhiteytookthePontiacandthe
M2-F1ontownp to86milesperhour,the1,000-foottow-linegivingMih plentyof
maneuveringroom.

SlowlyMihbroughtthenoseofthelittle liftingbodyupuntil theM2-F1gotlight
on its wheels.Then,somethingtotally unexpected happened. The M2-F1 began

bouncing back and forth from right to left. Milt stopped the bounce by lowering the

nose, putting weight back on the wheels. Several times he again brought the nose up

until the M2-F1 was light on its wheels, and each time the vehicle reacted the same

way, Mih ending the bounce by lowering the nose as he had the first time.

I,ater, in our little debriefing room, Mill said that he felt that if he had lifted the

M2-F1 off its wheels, it would have flipped upside down in a roll. We started theoriz-

ing about the cause of the problem. Mih felt it had something to do with the landing

5. Whiteside interviewby Lister for incident with the pilot.
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gear,wonderingif therewasn'tenoughdampingin theoleo-typeshocksystem.Ken
Iliff suggestedthatmaybeMihwasfeedingtheroll motionswiththestickorrudder
pedals.Absolutelynot,repliedMih,addingthathehadmadesureduringlift-off that
hewasn'tmakingroll oryawcontrolinputs.

Weplannedtogeta little dataforanalyzingtheproblembyinstallinganinstru-
mentationsystemin theM2-F1afterwereturnedfromwind-tunneltestingat NASA
Ames.Beforethat,however,usinga ground-ctlasevehicle,wemadesome16ram
moviestakenfromtherearoftheM2-F1,havingpaintedreferencesstripesontherud-
derssowecoulddeterminetheirpositions.Themoviesshowedthattherudderswere
movingbackandforthduringlift-off.WhenMihsawthemovies,heconcludedthat
slopandinertialweightsin theruddersystem--andnotthepilot--werecausingthe
rudderstomove.

LarryTaylorsuggestedthatweconstructdatafromthemovieframes.Usinga
stop-frameprojector,wecoulddeterulinerightandleftrudderpositionsandbodyroll
angleontheM2-F1by itspositionagainstthehorizonin thebackground.Wepro-
jectedthefilmedimagesoftheM2-F1ontoalargesheetofpaperwehadhungonthe
wall.Usingaprotractor,wemeasuredtheroll angleandpositionsofbothruddersin
eachmovieframe.Usingtheframerateof theprojector,wethenproducedplotsor
timehistoriesof theruddermovementandroll angle.Producingflightdatain this
waywashard,mundanework.KenIliff, LarryTaylor,andI took turns working witll
the data until we had in hand the results that Iliff and Taylor needed to analyze

the problem.

In the hangar, we examined the rudder control system, finding it exceptionally

stiff. No way could the rudders be moved without moving the pilors stick. We exam-

ined the weight distribution of the rudder system, looking for how inertia couht cause

the rudders to move during vehicle roll. We still could not find the cause of the
rudder motions.

Ken Iliff compared the phase relationships between rudder position and roll

angle, giving Larry Taylor his findings. The control motions were typical of what a pilot

would put in to combat roll oscillations. Finally, Larry Taylor and Ken Iliff put togeth-

er a strong statement, saying they had no doubt tt_at, knowingly or unknowingly, tlle

pilot was working to combat the roll and that continuing to try to fly the M2-F1 with

the control system driving the rudders from the pilot's stick would, during roll control,

lead eventually to loss of control of the vehicle. They insisted that the current control

system be abandoned and the other control system driving the elevons from the pilot's

stick be hooked up for the next series of car-tow tests.

We couldn't share their conclusion and recommendation with Mih Thompson at

the time, Milt being away on a trip. We had only one week left "after Milt's return for
car-tow tests before we were scheduled to go into full-scale wind-tunnel tests at NASA

Mnes. Given the strength of Taylor and Iliff's conviction about the control systems, I

didn't want to waste time doing more car-tow tests with the original control system, so

I asked Vic Horton to change the control system as Taylor and Iliff had recommend-

ed so that, when Milt returned, the M2-F1 would be ready for more car-tow tests.
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AfterI madethisdecision,I noticed that the group had lost some of its harmony

and camaraderie. Tension began to build between group members as they began to

realize that a pilot's life could be at stake ira this disagreement within the group over

which roll-control system we used in the M2-F1. Mih Thompson was such a person-

able guy and worked so closely with us almost daily that emotions started emerging

whenever critical decisions had to be made. I began to think that maybe it was better

to have the research pilot more distant from the project people.

By backing Iliff and Taylor's recommendation, I had alienated Bertha Ryan and

ttarriet Smith to some extent. Ryan read me the riot act for not including Mih in the

decision to change the control system, saying that, after all, it was his life at stake. 1

replied that Milt Thompson still had veto power as the pilot and that, if he insisted we

do so, we would change back to the original control system. Ryan seemed satisfied by

what I had said, but harmony on the project remained strained from that point. Even

bigger conflicts would come later in the lifting-body program as the project grew.

As soon as Mih Thompson was back, I told him about the change made in the roll-

control system. He was disappointed, wanting to do some more testing while using the

previous control system, but he accepted the change, saying he still thought the prob-
lem was caused by the landing gear and that, when the new control hookup didn't

solve the problem, we could go back to the original hookup.

With Milt Thompson onboard, we again hooked up the M2-F1 to the Pontiac and,

with Whitey at the wheel of the Pontiac, off they charged across the lakebed.

Cautiously, Thompson rotated the nose of the M2-F1 until there was very little weight
left on the wheels. He continued to rotate the nose until the wheels were about three

inches above the lakebed. The M2-FI remained steady as a rock. We made another

run, this time to an altitude of three feet. Thompson was gently maneuvering the

M2-F1 right and left behind the Pontiac, but the lifting body showed no tendency
to oscillate.

By now, gqdtey had gone to Mickey Thompson's hot rod shop in Long Beach to

replace the Pontiac's rear tires with drag slicks, a _'hange that increased the car's tow-

ing speed to 110 miles per hour. Normally, drag racers use the wide, high-traction,

threadless tires generally known as "slicks" because torque from the drive train to the

lower gears is greatest at the start of the very" short race known as a "drag," when tire

slippage is most likely to occur. Our experience was exactly the opposite, with the

height of drag found at the high-speed end of a tow. At about 90 miles per hour minus
the slicks, the tires on the Pontiac would start slipping. Adding the drag slicks on the

rear wheels of the Pontiac increased the towing speed enough to allow Mih Thompson

to climb to twenty feet in the M2-F1, release the tow-line, and get about ten seconds

of free flight before the flare landing.

Using the new control system, the M2-FI handled well, both on and off tow in

flight. Milt Thompson seemed to be happy with the control system. Neither Ryan nor

Smith ever suggested later that we go back to the original control system. Not being

an "l-told-you-so" sort of guy, I never again brought up the topic. And never again did
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wediscusscontrol-riggingwithinthegroup,otherthanhowtoreducestickforceswith
aft stickpositions.

ThePontiactowedtheM2-F1forthefirsttimeon1March1963,andbeforeApril
wasover,it hadtowedit atotalof48times.WhilethePontiacwasprominentlyapart
oftheM2-F1adventure,it wasnosecretthatthecardidn'texactlyresembletheusual
flight-linevehicle.AccordingtoWhitey,wheneversomeonefromNASAHeadquarters
wasvisitingtheFlightResearchCenter,PaulBiklewouldslip awaymomentarilyto
phonehim,tellinghimtohidethecar.Whiteywouldpull thePontiacbehindashed
andthrowacoveroverit, thePontiac"grounded"until thevisitorleft.6

WhathappenedtotheNASAmusclecaroncetheM2-F1programended?Near
the endof 1963,thePontiacwasshippedto NASALangleyResearchCenterin
Virginiaandusedin testsatWallopsIsland.Therewassomeregretexpressedatthe
NASAFlightResearchCenterwhenthePontiacleft,fairlymuchcapturedinacom-
mentprintedatthetimein theX-Press, the NASA newspaper at Edwards Air Force

Base: "No hmger can we drive along the lakebed and pass the airplanes in flight. ''7

6. Whiteside interview by Lister for the grounding of the Pontiac.

7. As quoted in Hallion, On the Frontier, p. 150n.
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CHAPTER 3

COMMITMENT TO RISK

For the 350-mile trip from Edwards Air Force Base to the NASA Ames Research

Center at Moffett Naval Air Station in Sunnyvale on the southern end of the San

Francisco Bay, we removed the "elephant-ear" e[evQns from the M2-F1 and loaded

the vehicle on a flat-bed truck. The ten-foot width of the lifting body on the truck's bed

caused it to be classified as a wide load, requiring two escort vehicles, one in front and

one in back of the truck. The M2-F1 created some sensation along the route. The dri-

vers had a lot of fun talking about it to the people who crowded around them on stops

along the way, wanting to see it up close.
The NASA Ames Research Center is located in the heart of Silicon Valley, a few

miles down the road from Stanford University. Moffett Naval Air Station had been the

western operational base for Navy dirigibles in their heyday. The Navy dirigible

Macon was a flying aircraft carrier, launching and recovering prop-driven fighter air-

planes from its belly. The Navy was ve_ proud of its dirigible fleet until two disasters

happened: the Shenandoah crashed in an East-coast wind storm, and the Macon

went down in the ocean off Monterey, California. Two hangars that housed these diri-

gibles still exist at Moffett. These hangars and the NASA Ames wind tunnel--its

return section as tall as a ten-story huilding--are such prominent structures that they

can be seen for miles by ground or air.

A bank of very large fans driven by eIectric motors generates the "wind" in the

test section of the tunnel. Routed to the facility are power lines and a special substa-

tion. Operating the wind tunnel in those days required special coordination with the

Edison Electric Company because of the need to have operators on standby to turn on

extra generators when the tunnel was in use. To avoid conflict with peak daytime

industrial electrical needs, wind-tunnel tests were often scheduled during night hours.
While it could take months or even years to get tests scheduled for this tunnel, A1

Eggers had assigned a priority to the M2-F1 wind-tunnel tests. We had two weeks to

conduct them. We had put together a test team consisting of both Vic Horton's hard-

ware people and some of the analysis team. Horton participated in some of the data

analysis, co-authoring with Dick Eldredge and Dick Klein the M2-F1 flight and wind-

tunnel lift/drag results)

1. Victor W. Horton , Richard C. Eldredge, and Richard E. Klein, Flight-Determined Low-Speed

Lift and Drag Characteristics of the Lightweight M2-FI Lifting Body (WasMngt,m, D.C.: NASA

TN D3021, 1965).
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M2-FI mounted in the Ames Research Center's 40X80-flJot Wind Tttnnel for testing. (NASA photo A-30506-

15, also at,ailable as _'_4 SA photo EC97 44183-3)
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WhiletheNASAAmescrewoperatedthetunnel, our crew from the NASA Flight

Research Center worked with the M2-F1---quite a different sort of adventure for a

bunch of desert rats used to airplanes that fly in open sky over miles of sand and rock.

I found a trailer park nearby where I could park my small travel trailer for the two

weeks, having brought my wife and our two daughters along as well.

Tile inside of the wind tunnel was an awesome sight, especially at night.

One night, as the M2-F1 team was preparing for a test, I took my family on a tour of

the tunnel. We boarded an open-cage elevator on the ground floor, then rose through

a darkness of steel beams and unlit open spaces to the floor of the dimly lit test sec-

tion. The tunnel was a huge closed-circuit system in the shape of a race track, its

entire length being about half a mile. Soot from engines stained tile walls, making

the inlerior of the tunnel dark and dingy, adding an eeriness to the atmosphere.

My wife, Donna, said the tunnel would be a wonderful place to make an
Alfred Hitchcock movie.

When we were ready to begin wind-tunnel testing, we had the M2-F1 hoisted high
overhead by a crane, then lowered through a large hatch in the lop of the lest section.

The vehicle sat 20 to 25 feet off the floor on top of three tapered poles resembling stilts
that were mounted on a turntable balanced on the tunnel's floor, the M2-F1 attached

near its landing gear to the poles.

"_33at we did in testing the M2-FI was unique, something thai probably couhtn't

be done now due to NASA's emphasis upon safety. We didn't have remote controls on

the M2-F1, even though most wind-tunnel models of vehicles have them. To move the

testing along more rapidly, we talked the NASA Ames wind-tunnel crew into letting

us take turns sitting in the cockpit, setting the pilot's controls at different settings by

using plywood form boards. By keeping someone in the cockpit (luring the testing, the

wind tunnel could be kept running, with necessary control changes made by the per-

son in the cockpit. Otherwise, it would have taken a long time to get the tunnel's wind

speed stabilized each time we started up again after shutting clown the hmnel to make

a change in contn_l setting, angle of attack, or sideslip.

Ed Browne, Dick Eldredge, Mih Thompson, and I tried out the cockpit for size. I

found it scary sitting up there over 20 feet off the ground inside a pl_mood barrel-like

vehicle perched atop three spindly poles inside a clark cavern, shaking around as a

windstorm screamed past at 135 miles per hour. I then decided that the best use of my

time wouhl be directing the tests in the safe confines of the wind tunnel control room.

With the wind-tunnel operators and I peering at the wind tunnel pilots through thick

windows in the tunnel walls, they felt like some kind of biological laboratoD' speci-

mens under scrutiny.

We had an intercom system set up for communicating between the cockpit and the

control room--a much better way to communicate, we felt, than holding up messages

scribbled on paper to be read through the vehicle's canopy, especially when asking for

help during sudden attacks of claustrophobia or because of a final call of one's blad-

der for relief. Whenever the wind tunnel pilots moved the controls or the wind veloc-
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ity increased, they could feel the vehicle move as the poles supporting it flexed, an

experience they all found disconcerting until they got used to it.

Milt Thompson, however, even wanted to conduct another wind tunnel test. As he

said years later, "I tried to get them to attach a rope to it and let me actually try to fly

it in the tunnel, but they wouldn't go along with that. ''2 What Mih had wanted to do

was sit in the cockpit of the M2-F1 on the floor of the tunnel, the tow-line tied

upstream of the vehicle. However, the tunnel's crew was not very enthusiastic about

Mih's suggestion, saying they could see the tow-line breaking and Milt and the M2-

F1 ending up plastered against the turning vanes at tile end of the tunnel. Even offer-

ing to attach slack safety lines during his "flight" did not keep the tunnel's crew from

turning thumbs-down on Milt's request.

Before we started the formal data-gathering part of tile tunnel tests, Milt found

excessively large stick forces at aft stick positions while sitting in the cockpit and

moving the controls around at different air speeds and body angles in the airstream.

To minimize hinge moments, we had designed the outer elevons' pivot points to be

slightly forward of the elevons' center of pressure. However, the trailing-edge body

flap had been hinged at its leading edge, producing large hinge moments and stick

forces. Using the wind-tunnel's fabrication shops, Vie Horton and his crew attached

stand-off aluminum tabs on the body flap to help hold up the trailing edge, alleviating

force on the stick. While the tabs didn't entirely eliminate the stick force, Mih con-

sidered it enough lessened to be tolerahle.

There was another problem involving a phenomenon called a "K_irmtin vortex"

that can also occur behind large trucks on the highway. A driver in a car at certain

distances behind a truck in calm wind conditions sometimes can feel a "K_irmtin vor-

tex" as the airstream whips back and forth. With the M2-F1, at certain airspeeds in

the tunnel, a low frequency beat was being fed back to the vehicle's control stick.

After taping tufts of yarn around the aft body and control surfaces of the M2-F1, we

discovered that a large, oscillating K_irm_in vortex was coming off the body's base and

beating against the body flap. 3

The NASA Ames resident aerodynamicist, experienced in vortex flows, suggested

that if we could change or disturb the base pressure slightly, we might be able to break

up the single large vortex into a hunch of much smaller ones that would not beat so

badly on the flap control surface. Once again, Vic Horton's crew went back into the

shop, this time making two aluminum scoops and mounting them at the base on each

side of the vehicle's body. The idea was to scoop air fi'om the sides of the body into

the cavity behind the base, thus increasing the base pressure and, we hoped, destroy-

ing the K_irmfin vortex. Mih climbed back into the cockpit, and we tested the M2-F1

2. Wilkinson, "Legacy of the Lifting Body," p. 54.

3. On the K_irm_invortex, see Michael H. Gorn, The Universal Man: Theodore yon Kdrmdn's Life
in Aeronautics Qg'_shing/,m, D.C.: Smilhsonian Institution Press, 1992), pp. 23-24.
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with the scoops. It worked. Having made two aerodynamic fixes to the vehicle, we

were ready for the formal data-gathering portion of the wind-tunnel tests.

Dick Eldredge took the first shift, sitting in the cockpit and setting the controls

with the plywood form boards. We were on a roll that day, cranking out data faster than

we had before. Earlier, we had lost three days of our scheduled time in the wind tun-

nel while waiting anxiously as the tunnel's crew repaired its balance-data measuring

system. After Eldredge had spent two hours in the cockpit, we asked him over the

intercom if he would like someone else to take over. He declined. We asked him again

every two hours until we had tested for eight hours straight with Eldredge in the cock-

pit, knowing he had only some water with him. Finally, after eight hours, Eldredge

admitted that he was getting hungry amt needed to go to the bathroom.

Data from the tunnel's measuring system came to us on tabulated sheets showing

side, vertical, and aft force measurements as well as moments of roll, pitch, and yaw.

The sheets also provided air speed, angle of attack, and sideslip. The M2-F1 "pilot"

--whoever happened to be sitting in the cockpit during the test--also made notes

regarding the control settings. We then correlated the data from the notes with that

from the tunnel's measuring system.

The analytical team members hand-plotted on graph paper every single data

point, using a room downstairs that had been set up for us. Hundreds of hours were

involved in this work, each of us on the analytical team--Ken Iliff, Bertha Ryan,

Harriet Smith, and myself---doing our share of the work. l think even Milt Thompson

plotted a few points.

Whenever I saw the hardware crew had completed a task, I put its members to

work plotting data as well. Once, when 1 did this, I didn't make myself too popular.

They had been entertaining themselves with a game during a work lull, while the tun-

nel's crew was doing calibration checks on the measuring system. One by one, they

were running across the tunnel floor, up the side of the curved floor, and putting a

chalk mark as high on the wall as they could reach, the object of the game being to

see who could make his mark the highest. After watching them for awhile, I had said,

"If you guys aren't doing anything, come on down and help us plot data." Obviously,

plotting data wasn't nearly as much fun as the game they had been playing, but they

helped us an)w_'ay. A few years later, those marks were still on the tunnel's walls. Now,

over thirty years later, I have often wondered if those marks are still there. If they are,

they are probably covered up with additional layers of soot by now.

Some aspects of the good old days weren't so good, and one of them was having to

spend those hundreds of hours hand-plotting data. Today, most wind tunnels have

fully automated data systems with final plots rolling out of the machine soon after a

tunnel test is finished. Today's engineer can analyze the data as it comes from the tun-

nel tests, modifying the test program in real time if an aerodynamic quirk shows up.

When our two-week stint at the NASA Ames wind tunnel ended, we packed up

our data and trucked our little liftlng-body vehicle back to its hangar at the NASA
Flight Research Center. When we replaced the data in our simulator, based on the

small-scale wind-tunnel tests, with the new data from the full-scale tests, we saw a dif-
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ference.Weknewthat the only way to confirm the flight potential of the M2-F1 was to

move on at once into actually flying it.

Gearing Up for Flight-Testing the M2-F1

Immediately after returning to the NASA Flight Research Center, we began plan-

ning how to move directly into air-towing the M2-F1 into flight. The tow-plane we

decided to use was NASA's R4D utility aircraft, a Navy version of the Air Force's

C-47, both being military versions of the legendary DC-3. Fondly dubbed the "Gooney

Bird," the Douglas C-47 aircraft played a significant role during World War II as a

glider tug during campaigns in Sicily, Normandy, and elsewhere. Now, the Gooney

Bird was about to enter aviation history again as the tow-plane for the first lifting-

body vehicle.

NASA's Gooney Bird was being used in several other ways, mostly as a transport

aircraft. It had long been used at the Flight Research Center to shuttle people to and

from Ames in support of joint activities. It was also being used in the on-going X-15

program to ferry people and equipment between Nevada lakebed emergency-landing

sites and remote radar-tracking stations.

For a while we couldn't find a glider tow-hook for the Gooney Bird. Of World-War

II vintage, this device was no longer in the military inventory. Finally, Vie Horton

scrounged up one from a surplus yard in Los Angeles. We had no more than attached

it to the tail of our Gooney Bird and run the release-line control up to the cockpit of

the M2-F1, however, than we began to see dark clouds gathering over the lifting-body

project as other people at the Flight Research Center began to believe that we were

actually serious about flying the M2-F1.

First, Joe Vensel, local NASA Chief of Flight Operations, said that we couldn't fly

the M2-F1 without installing an ejection seat. El&edge and I told Vensel that we

wished he had come up with this requirement when we were designing the vehicle.

Fortunately, since the pilot sat at the center of gravity in the M2-F1, we found that we

could add the ejection seat without unbalancing the lifting body. However, when we

added the ejection seat and instrumentation, the M2-FI's weight rose to 1,250

pounds. To fly, the heavier vehicle required higher airspeeds than we had anticipated.

Because of this change, Dick Eldredge, Meryl DeGeer, and I went back over the

structural load eapacity of the M2-F1. We found that the most critical part of the struc-

tural design was the bending moment at the base of the vertical tails. The most severe

flight condition, consequently, would be a high-speed dive in which the vehicle was

forced into a high sideslip angle with the roll control (elevons) put in the wrong direc-

tion, adding to that bending moment. Using the simulator, we found that the only way

a pilot could encounter that dangerous condition would be by attempting an aerobat-

ic roll. A placard we added to the instrument panel in the cockpit clearly defined this
limitation in four words: "No Aerobatic Roll Maneuvers."

At that time, the Weber Company was in the process of developing what we need-

ed, a zero-zero ejection seat--that is, an ejection seat that operates even with the air-
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craftonthegroundstandingstill (atzeroaltitudeandzerovelocity).Thecompany
wasmodifyingalightweightseatdesignedfortheT-37jet trainertousearocketrather
thanaballisticchargeforejection.JoeVenselcameupwithfundsfromhisoperations
budgettopay_ber forthisejectionseattoinstallin theM2-F1.

Verylikely,theM2-F1usedoneof thefirstzero-zeroejectionseatsevermade.
SinceWeberhadnotyetfullydemonstratedtheseatat thetime,wearrangedfora
seriesoftestsatthesouthlakebedwhereejectionseatsweregenerallytested.Meryl
DeGeerandDickKleinworkedwithWeberin demonstratingandtestingtheseat.

Dick Kleinconstructeda plywoodmockupof theM2-FI'stopdeckandcanopy
throughwhichtofirea dummysittingin theejectionseat.Thisdummywasfiredup
six timesin theejectionseat.Oneachof thefirstfivetimes,somethingwentwrong
andwehadtomakeanadjustment.

MerylDeGeerremembersMilt Thompsonwatchingoneof thesetests.Afterthe
dummyandtheseatsmashedthroughtheM2-F1canopymockupwithrocketburning
bright,thedummyseparatedfromtheseatatthetopofthetrajectory.Theseatsafely
descendedtothegroundonaspecialparachutethat_ber hadaddedtosavetheseat
forusein futuretests.Butthedummy,withitsparachutestill unopened,wentsailing
throughtheair head-firstlikeSuperman,its armsflapping.

As the dummy arched toward the ground, DeGeer glanced around at Milt

Thompson. His face contorted, Milt was shouting at the dummy, "Flare! Flare! Damn

you, flare!" The dummy ignored him and kept on flapping its arms as if trying to fly.

The dummy crashed headlong into the bushes. Only then did its parachute flare open.

Everything worked well on the sixth test of the ejection seat, anti the seat was

installed in the M2-FI without repeat testing to prove reliability. A year later, in 1964,

an updated version of this seat was installed in the NASA Lunar Landing Research

\_hicle (LLRV), the same seat that saved the lives of astronaut Nell Armstrong and

pilot Joe Algranti when control systems failed in the Lunar Landing Training Vehicle

at Johnson Space Center during training missions for landing on the moon.

Next, Thomas Toll, Chief of the Research Division, began to have serious doubts

about flying the M2-F1. A respected but conservative researcher who had transferred

to the NASA Flight Research Center from NASA Langley in Virginia, Toll had been

one of the men responsible for the concept of the X-15. He felt that as long as we

weren't flying the M2-F1 more than a few feet off the ground on car-tow, the data

return was likely worth the effort, cost, and risk. Merely flying the M2-F1 on car-tow,

he believed, would be a good learning tool for sharpening engineering skills in aero-

dynamics anti stability anti control, and it was also possible that the car-tow flights

might even produce some useful data on lifting bodies. 4

However, we were now thinking about flying the M2-FI to high altitudes behind

a tow-plane and that, he felt, was quite another matter. His serious misgivings seemed

mostly to have to do with the fact that Mih Thompson had encountered a dangerous

4. For Toll's posilion, Hallion, On the Frontier, p. 151.
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lateraloscillationtilefirsttimeheflewtheM2-F1oncar-tow.Tolldidnotbelievethat
anypotentialreturnin air-towflightdatawasworththerisktothepilot.

Toll hadtwoothermainreasonsfor opposingair-towingtheM2-F1into flight.
First,hefelt thattheverylowwing-orbody-loadingatwhichwewereflyingwasnot
representativeofapotentialfull-scalespacecraft,foranactualspacecraftthesizeof
theM2-FIwouldmostlikelyweigh10,000to15,000pounds,tentimestheweightof
ourM2-F1.Secondly,weweren'tusinganyoftheautomaticcontrolfeatures,suchas
ratedampingorautomaticstabilization,thatprobablywouldbeusedin aspacecraft.

PaulBikletriedtoreasonwithToll,assuringhimthathefelt it wasworththerisk

and that he would like to have Toll's endorsement. But Toll refused, going on record

as refusing to endorse tile planned M2-F1 air-tow operation. When Bikle went ahead

and gave us the green light to proceed without the concurrence of NASA Headquarters

or his own Chief of Research Engineering, he essentially was making a decision that
could put his career with NASA on the line.

What Bikle did was an act of the kind of courage that I had never before seen in

a manager. Essentially, he risked his career to support something that he believed in.

There are basically two kinds of courage in the aerospace industry: the courage of test
pilots who risk their lives, and the courage of managers who risk their careers to sup-

port decisions they believe are right, even when others disagree strongly. In his book

The Right Stuf_ Tom Wolfe was correct to immortalize pilots as heroes. 5 On the

other hand, program managers are responsible not only for the pilots who have "the

right stuff" but also for the people involved in the program who have "the real stuff,"

as I have called it. When test pilots pay the ultimate price while risking their lives to

test new aircraft, history remembers them as heroes who gave their all to aeronauti-

cal research. However, when program managers make a challenging decision simply

because the)' believe it is the right thing to do, they risk being labeled failures or going

down in history as bumbling idiots.

Today's program managers rarely encounter such risk, many of them using the

bureaucratic process to build up walls that protect their careers. Today's manager can

avoid risk by having decisions made by committees or by dividing programs into

enough parts that it's not clear who is responsible for what. Another strategy that some

program managers use to avoid risk is to be involved only with low-risk portions of a

program, handing off high-risk portions to other managers who, if the program fails,

can always defend themselves from blame by saying they were ordered to do the job.

If the program succeeds, then the original program manager can step back into the

picture and take credit for the successful venture by claiming it was his or her idea

all along.

Paul Bikle would not have done well in today's managerial environment. He

lacked the political imperative needed to work the system in his favor. He was so open

and honest that everyone knew exactly what he was thinking--except when he was

5. Tomg\,lfe, The Right Stuff (New"tbrk:Ferrar, Strauss, Giroux, 1979).
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playingcardswiththecrewduringlunch.Thathewassoopenand"readable"wasa
traitthatworkedwellforthoseworkingunderhim,fortheyknewwherehestood.But
it wasn'tatraitthathelpedhimindealingwiththehierarchythatdevelopedgradual-
ly overhimatNASAHeadquarters.

Longafterthelifting-bodyprogramwasover,whenMiltThompsonhadretiredas
aresearchpilotandenteredmanagementattheFlightResearchCenterasits Chief
Engineer,wetalkedaboutthe episode with the Chief of Research Engineering back

in 1963 and how people in different positions can view the same situation very" dif-

ferently, depending on their positions. As a research pilot, Milt Thompson had the

reputation of being a wild and crazy guy who would take every calculated risk that his

bosses would allow. But when he became a manager, he became very conservative, not

allowing other pilots to take the same kinds of risks that he had taken as a pilot. In

this sense, a manager is rather like the father who won't let his son ride motorcycles

even though he had done so when he was a young man. As a manager, Milt Thompson

said he could fully appreciate the position taken by the Chief of Research Engineering

in vetoing the M2-F1 flight tests. He conjectured that if he had been in the Chief's

position, he might also have questioned the rationale for the M2-F1 flights.

Gooney Bird Meets Flying Bathtub: First Air-Tow,

16 August 1963

Ariel" the ejection seat had been installed in the "Flying Bathtub," Milt Thompson
made a few more tests on car-tow, adjusting to the heavier weight and checking out

the flight instrumentation system. '_ did as thorough a flight readiness review as we

could before moving into air-towing the lifting body, wanting to make sure there was

not something we were overlooking.

One day while we were still getting ready to begin air-tows, Milt said to me pri-

vately that he had complete confidence in me to make the right decisions and that he

was putting his life in my hands. That was the best and most sincere compliment 1

have ever received during my career.
By now, George Nichols and Glynn Smith, instrumentation technicians who had

joined the lifting-body group of volunteers, had installed the instrumentation needed
to radio data to the ground. Since the M2-FI was an extremely simple glider with no

onboard electronic systems, data from only 15 sensors would be sent to the ground.

(By contrast, data from 400 to 500 sensors--later about 1100--was transmitted by

radio during a typical X-15 mission.) In the M2-F1, the sensors would transmit air

data, including airspeed, altitude, angle of attack, and angle of sideslip; vertical, side,

and longitudinal accelerations; gyro data, including roll, pitch, and yaw rates; and

control position data from the single elevator, two rudders, and two elevons.

Stability and control flight data would be transmitted by radio back to the anten-

nae on the roof of the main NASA building that housed the control room, 10 miles

from the lakebed take-off site. Here, Ken Iliff, Bertha Ryan, and Harriet Smith wouht

49



COMMITMENTTORISK

watchplottingrecordersequippedwithinkpensgeneratingtracesofthedatareceived
fromthemeasuringsensorsaboardtheM2-F1.Thedatawouldalsoberecordedon
tapeforanalysisaftertheflight.Alsoin tile controlroomduringtheflightwouldbe
themissioncontroller,researchpilot Bill Dana,who,exactlytwoyearslater,would
pilot the M2-F1 for the first time and then spend a total of ten years as a lifting-body

pilot. But for the first air-tow flight of the M2-F1 on 16 August 1963, he would be on

the ground, serving as that all-important link between the pilot in the cockpit and the

engineers in the control room.

Developed for the X-15 program, the control room at the NASA Flight Research
Center also contained two large plotting hoards that drew the traek of the aircraft on

maps of the surrounding terrain, based on data received by the radar-tracking dish

antenna atop the building. The control rooms later built at the NASA Johnson Space

Center in Houston, Texas, for the first human space programs (Mercut3', Gemini, and

Apollo) were patterned after this control room at the NASA Flight Research Center.

For the first air-tow of the M2-F1 behind the Gooney Bird, we set up for take-off

at the extreme south end of Runway 17, the longest lakebed runway on Rogers Dry

Lake at Edwards AFB. We really didn't know how well the M2-FI could make turns

behind the Gooney Bird. An additional advantage of using the longest runway was

that, if the tow-line broke or released, Mih could glide straight ahead, making a land-

ing on the lakebed, Runway 17, using only half the length of the almost 15-mile-long

lakebed. Piloting the Gooney Bird would be NASA X-15 pilot Jack McKay.

The plan was that when the Gooney Bird reached the north end of Rogers Dry

I,ake, McKay wouht make a large cirele counterclock-wise over the lakebed while ris-

ing to an ahitude of 12,000 feet. Once there, the M2-F1 would be released off the tow-
line. Vic Horton would observe the M2-F1 flight from the small plexiglas dome atop

the Gooney Bird, watching the M2-F1 in tow behind the Gooney Bird and keeping

McKay advised on what was happening with it. I wouhl be monitoring the flight from
a radio van at the take-off site.

At seven o'clock on the morning of 16 August 1963, the winds were dead calm on

the ground and only about five knots at 12,000 feet. A ladder was needed for board-

ing the M2-F1. Mih was assisted by the crew chief, Orion B. Billeter, since consider-
ably care was needed to avoid stepping on the thin wooden skin of the vehicle's upper

body deck. Once Mill was strapped into the ejection seat, his helmet radio was

checked out. Then, the canopy was lowered and secured in place, and the ladder was

pulled away. After the tow-line was hooked to the M2-F1, Billeter pulled on it while

Mill checked the release hook. The procedure was repeated with the tow-line and

release on the Gooney Bird.

NASA pilots Don Mallick (who wouht fly the M2-FI four months later) and Jack

McKay started and checked out the Gooney Bird's engines. Before take-off, McKay

tried to avoid blasting Mih with too much dust from the lakebed. Ready to go, Mih

gave a thumbs-up. After checking with the Edwards AFB control tower, the base's

ambulance and fire truck, and McKay in the Gooney Bird, mission controller Bill

Dana gave the go ahead for take-off.
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M2-FI in tow behind R4D "Gooney Bird,'" with the nose positioned high so the tow plane is visible through

tile nose window. (NASA photo E63 10962)

Gently easing the throttles forward on the Gooney Bird, McKay began to roll slow-

ly down the lakebed. The Gooney Bird accelerated until its tail lifted off the ground.

Very gently Mih lifted the M2-F1 off the ground exactly as he bad done during the car-

tows, slowly climbing on the end of the 1,000-foot tow-line until the M2-F1 was about

20 feet higher than the Gooney Bird and he could see the tow-plane through the nose

window between his feet. He had to be fairly precise in maintaining position to keep

the tow-plane in sight through the small nose window. The Gooney Bird gently lifted

off the ground, Mih flying the M2-F1 in perfect formation behind and above the tow-

plane.
After a few minutes of climbing, Mih radioed that the M2-F1 was very solid and

that it was easy to hold high-tow position behind the Gooney Bird. Because we hadn't

installed a pilot-adjustable pitch trim system, however, lie had to hold back pressure

on the stick. We had omitted d<_ing that, just to keep it simple. The trim tabs we'd

installed on the body flap during the wind-tunnel tests wouht trim oul most of the stick

forces in free flight but not on tow.

McKay held to a speed of 100 miles per hour as the Gooney Bird climbed to

12,000 feet. Over the radio, Milt said that he was beginning to relax and enjoy the

flight. Nevertheless, he still had to give constant attention to keeping the Gooney Bird

in sight through the nose window of the M2-F1. The Gooney Bird made three large cir-

cles over the northern lakehed during the twenty minutes taken to climh to 12,000
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_II2-FI being air towed. Notice the side windows above the nose gear for increased visibility near touchdown.

(NASA photo EC63 229)

feet. By this point, NASA pilot Fred Haise was flying alongside Mih in a T-37 jet
trainer as a chase-observer.

The plan was for Mih to release the M2-F1 from the tow-line at this elevation

while heading south over the northern portion of the lakebed. He was to make a 180-

degree turn to the left, make a practice landing flare at about 9,000 feet ahitude, and

then push over and continue another 180-degrees to the left in order to line up on

Runway 18, heading south. The average rate of descent was about 3,600 feet per

minute, giving Mih about six minutes to learn to fly the M2-F1 before having to make

the crucial one-shot landing maneuver.

Unlike the normal landing of an airplane, landing the M2-FI was more like

pulling out of a dive. A pushover maneuver had to be done at about 1,000 feet to build

airspeed up to about 150 miles per hour, followed by a flare at about 200 feet altitude

from a 20-degree dive. The flare maneuver would take about 10 seconds, leaving three

to five seconds for the pilot to adjust to make the final touchdown. Milt had the option

of hitting a switch to fire a rocket motor, giving him five to six more seconds to adjust
sink rate before touchdown.

Watching from the ground, it seemed that the M2-F1 lilerally fell out of the sky.

Since the vehicle had come level while Mih was making his practice landing at alti-

tude, he radioed that he was going for the real one. Bill Dana, whose call sign was

"NASA 1," confirmed that the practice landing had also looked good on the charts in

the control room. Having made strip chart overlays earlier while Mill was practicing
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landingsonthesimulator,KenIliff, BerthaRyan,andHarriettSmithhadbeenable
todoreal-timecomparisonswhileMiltwasdoinghispracticelandingmaneuver.

However,if Mihhadn'tbeenabletoachievelevelflightduringthepracticeland-
ing,ourgroundruleswerethathewastoeject,lettingtheM2-F1crash.Weconsid-
eredtheM2-F1cheapenoughtobeexpendable.Suchagroundrulewouldn'tsellin
today'sflight-testingof expensiveairplanes,formerNASApilotandastronautFred
Haiserecentlytoldme.

Ourgroundvehicleswereparkedwell tothesideofRunway18,oppositeMilt's
plannedlandingpoint.It wasscarywatchinghimdivefor theground,andI heldmy
breath.Milt leveledout,makingapicture-perfectlandingat theplannedtouchdown
spotwithoutusingtherocket.I finallyrememberedtobreatheashe rolledstraight
aheadandturnedofftherunway,coastingto astop.All of us,includingPaulBikle,
surroundedtheM2-F1whileOrionBilleterhelpedMilt outof thelifting body.We
wereonebunchof happypeopleaswestoodthere,shakingMilt'shand.Later,the
debriefingroomwaswall-to-wallsmilesasMiltdescribedaflightthatwentexactlyas
planned.

Wehadapartythatnightatmyhouse,butit borenoresemblancetothetypical
wildX-15partiesofheavydrinkingthatMilt Thompsondescribedinhisbook,At the

Edge of Space. 6 Since the X-15 program involved most of the personnel of the Flight

Research Center in some way, X-15 parties were always held at Juanita's, then the

biggest bar in Rosamond, just outside the western boundary of Edwards AFB. Almost

exclusively stag, the X-15 parties were mostly attended by NASA's ex-militao _pilots,

aircraft crews, and flight planners. As Milt relates, most of the X-15 parties continued
at Juanita's for four or five hours, then moved to one or more of the bars in Lancaster.

Unlike the X-15 program, the lifting-body program had research engineers steer-

ing its path from the very beginning. After success with the M2-FI, additional lifting-

body vehicles would continue to be designed and buih throughout the twelve years of
the lifting-body program, involving the cooperation and teamwork of research and

design engineers at three NASA centers (including Ames and Langley) as well as the

research engineers at contractors Northrop and Martin.

The lifting-body program was also the first program at the NASA Flight Research

Center significantly influenced by women engineers. Bertha Ryan and Harriet Smith

not only played major roles in the development of the M2-F1 but continued to do so

with other lifting-body vehicles, by which time other women at the NASA Flight

Research Center were also involved in the program. Afterwards, ttarriet Smith moved

on to project management at the NASA Flight Research Center, while Bertha Ryan

opted to remain in research engineering, later designing missiles for the Navy at the

China Lake Naval Weapons Center, about 50 miles north of Edwards AFB. Since the

days of the lifting-body program that ended in 1975, women have increasingly entered

the world of aerospace technology, so that now it is common to see women in engi-

neering, as part of flight crews, and as pilots and astronauts.

6. Thompson,At the Edge of Space, pp 71-73.
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The successful flight of the M2-FI was a special triumph for us, a little team of

"amateurs" pulling off a big one. Despite having Paul Bikle's full backing, many of

the "professionals" on the X-15 program had continued to consider the M2-F1 a high-

risk project due to our lack of experience. Of course, it's a little hard to have much

experience when doing something that has never been done before. We matured at

once after that first flight, rapidly moving up in credibility and status.

A few weeks after the successful flight of the M2-F1, on 3 September 1963, avia-

tion news reporters first viewed the craft at the NASA Flight Research Center. The

M2-F1 quickly became a hot item in aviation periodicals.

While a few people at NASA Headquarters were aware of the lifting-body project

until about a week after the historic first flight of the M2-F1 in mid-August, they did

pay much attention to it, mainly because we hadn't requested any money for the pro-

gram. However, the NASA administrator in Washington, D.C., James E. Webb,
remained unaware of the successful first flight of a lifting body until, while testifying

before a congressional committee, he was asked about it by a congressman who, hav-

ing read about it in the press, wanted to know if NASA was starting a new muhi-l_il-

lion-dollar space program that Congress neither knew about nor had approved. Bikle's

phone began ringing immediately after this incident, which obviously had been

embarrassing for the administrator. When Webb found out that we had spent only

about $30,000 on the program and that there was no billion-dollar plan in the mak-

ing, things cooled down and we were allowed to continue with our M2-F1 flight tests.

Decenfl_er 1963: Peterson, Yeager, and Mallick Fly the M2-F1

After Mih's first flight, the M2-F1 became very operational. As a simple glider, it

had no systems to maintain, except the research instrumentation system. A part-time
crew chief could easily keep the M2-F1 on flight status. The Gooney Bird was avail-

able most of the time to us as a tow-plane because it was being flown almost eve_3_day

on support missions for other programs and had a full-time crew chief.

Mih Thompson flew the M2-F1 on its first seventeen fights in 1963ifive in

Augusl, two in September, six in October, three in November, and one in December.

These flights were made specifically to define the craft's aerodynamics and stability

and control characteristics. Flight research is most valuable when the data is used, as

it was in these first flights, in comparison with wind-tunnel test results in correcting

or completing aspects of design and prediction based on those results.

After these flights, Paul Bikle amt Mih Thompson decided it was time to start

checking out other pilots in the M2-F1, beginning with Bruce Peterson and Colonel

Chuck Yeager. A NASA test pilot and a former Marine Corps pilot, Bruce Peterson

had served along with Milt Thompson in 1962 as one of two project pilots on the

paraglider research vehicle, or Paresev, program that was designed to evaluate the use

of an inflatable flexible wing in the space program as a way by which astronauts couht

leave a spacecraft and return to Earth in a vehicle capable of making an airplane-like

landing. The similarity with the M2-F1 is that both vehicles were gliders towed into
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M2-FI pilots (Chuck _ager in cockpit, Brt, ce Peterson to his left, and Dolt Mollick) being checked ottt by

Mill Thompson (on stool). (NASA photo E63 10628)

flight by winged aircraft, and both programs were excellent examples of Paul Bikle's

low-cost and do-it-quick approach. Paul Bikle wanted his old friend, Chuck Yeager,
then head of the USAF Test Pilots School at Edwards AFB, to fly the M2-F1 and give

his assessment of the vehicle before other Air F0ree pilots were allowed to fly it. 7

During the last week in November, Peterson and Yeager were initially checked out

on the M2-F1 during extensive ear-tows up to an altitude of 20 feet. Thompson sched-

uled both for flights in air-tow by the Gooney Bird on 3 December, using a five-mile-

long lakebed runway so that there wouht be nothing critical about where touchdown

occurred on the runway so long as a good flare was made to keep from breaking the

M2-FI in hard landing. With Bill Dana and Don Mallick piloting the tow-plane,

Peterson and the M2-F1 were towed aloft to 12,000 feet in the first flight of the day.

Peterson released the tow-line, making a very good landing on the lakebed. However,

the M2-F1 had landed some distance from the van containing Mill Thompson and

Chuck Yeager, which was sitting beside the runway.

7. For further information on the Paresev program, see Hallion, On the Frontier, pp. 137-140; lane

E. _allace, Flights of Discover)': 50 Yeurs at the NASA Dryden Flight Research Center

(Washington, D.C.: NASA SP-4309, 1996), pp. 131-33.
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Next,it was_ager'sturntohave his first lifting-body flight. Naturally competi-

tive, Yeager suggested going for a spot landing on the runway just opposite the van

parked beside the runway. Dana and Mallick towed Yeager aloft, as they had Peterson.

Yeager opened up the flight envelope on the M2-F1, flying both faster and slower in

his practice lamting maneuver at altitude than had Mih. Then, he dove the M2-F1 at

the lakebed in a steeper angle than Milt had used, leveled out, and made a greased-

on landing in front of the van. Climbing out of the M2-FI, Yeager exclaimed, "She

handles great! ''8

It was a beautiful, but cold, December morning. The winds were still calm, and

the Gooney Bird had heen climbing very well in the cold weather. Milt suggested that
Peterson and Yeager each get two more flights in for the day. Responding to Yeager's

challenge, Peterson set up in his second flight to touch down just in front of the van.

What Peterson and the rest of us didn't realize was that we engineers had made a

little mistake. Since Mih had started flying the M2-F1 in August and the weather had

been quite warn1 whenever he flew the vehicle that fall, we had serviced the shock

struts in the main landing gear with a standard viscosity oil. That was fine for Milt's

earlier flights. However, on this early December morning, after two flights to altitude

in temperatures below freezing, the oil had hardened to the consistency of molasses.

When Peterson landed the M2-F1, the landing gear was rigid, the struts immo-

bized by the thickened oil. At touchdown, the main wheels separated from the vehi-

cle and bounced across the lakebed, as shown in the film of the landing made by the
forward-looking camera mounted behind the pilot's head. The four bolts connecting

the wooden shell to the inner steel tubing also tore out, dropping the wooden shell

about six inches until it settled around Peterson in the cockpit.

Not injured, Peterson was the brunt of jokes about this landing for years after-

wards. Structural repairs were easily made to the M2-F1. The original Cessna 150

landing gear was replaced with the more rugged gear of a Cessna 180. Different struts

were added with muhiviscosity oil. Before continuing flights nearly two months later

in late January 1964, we expanded the research data system to measure more para-

meters for extraction of aerodynamic derivatives.

The first flights of the new year were made on the morning of 29 January, with

Bruce Peterson, Mih Thompson, and Chuck Yeager each making two flights. Yeager

said he was having a ball flying the vehicle. The next morning, NASA pilot Don

Mallick checked out in his first two and only lifting-body flights after Yeager made his

fourth and fifth (last) flights in the M2-F1. 9

During the briefing session before the day's flights, I had denied Yeager's request

to be allowed to roll the M2-F1. He believed that he could make a perfect barrel roll

in the little lifting body. I explained that Dick Eldredge and I had designed the

M2-F1 to weigh 800 pounds and fly at a slower speed, not knowing the vehicle would

8. Quoted in Hallion, On the Frontier. p. 152.
9. The fiveflightsinclude only the air tows, not those in the M2-F1 towedby the Pontiac.
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haveto growin weightto 1,250poundsbyaddinganejectionseat,heavierinstru-
mentation,andalandingrocket.I alsoexplainedthatweweren'tthatconfidentinana-
lyzingloadsin aroll maneuver,for notonlyweretherebendingmomentsfromside
loadsin sideslips,butloadsalsoweretransmittedtotheverticaltailsfromtheasym-
metrical"elephantears"attachedtothem.In short,wecouhln'tbesurethetailwould
remainintactduringaroll,giventhevehicle'sheavierweight.

Yeagerdidn'ttry toroll theM2-F1onhislastflightthatmorning.Asexperience
latershowed,however,Yeagerlikelycouhthavebarrel-rolledthevehiclesuccessful-
ly thatmorning,for overa yearlatertheM2-F1wasrolledunintentionallyin two
flightsandthetailremainedintact.AlthoughYeagerneverflewaliftingbodyafterhis
fifthflightin theM2-F1,heremainedveryenthusiasticabouttheconcept,exertinga
gooddealofinfluenceinencouragingtheAirForcetodeveloptherocket-poweredlift-
ingbodies,theX-24AandX-24B,andthejet-poweredX-24J.

Serious Research Flying, 1964-1965

After January 1964, we settled down into a year of serious research flying. Mih

Thompson and Bruce Peterson often alternated as pilot, the M2-F1 flown a little over

twice a month on average, as quickly as the research analysis team could digest

data from one flight and plan the next. We made a total of 29 flights, 11 of them

by Peterson.

Working together, Ken Iliff, Bertha Ryan, and Harriet Smith had put together a

planned program for extracting data from three basic types of flight maneuvers--the

steady state, quasi-steady state, and dynamic. In a typical steady-state maneuver, for

example, the M2-F1 would be flown straight ahead and stabilized at different air-

speeds in the glide, resulting in data for Jon Pyle and Ed Saltzman on lift, drag, and

elevator trim. In a typical quasi-steady-state maneuver, the pilot would put the M2-F1

into a gliding wind-up turn and gradually tighten the turn, increasing the "G" load

(gravitational pull) by increasing back stick pressure, allowing lift, drag, and trim data

to be measured at higher airspeeds and with structural deflections, if any.

In a typical dynamic maneuver, the pilot would stabilize the M2-FI in a steady

glide and then pulse one control at a time, with the pulse usually in a doublet. For

example, if the goal was to get data on aileron characteristics, the stick would be

moved to the right and held, moved to the left and held, then returned to neutral and

held fixed by the pilot. Then, the vehicle would he allowed to oscillate with controls

frozen by the pilot. This maneuver would be repeated for several airspeeds or angles
of attack, researchers extracting aileron characteristics from the doublet portion of the

maneuver and airframe characteristics from the final portion of the maneuver involv-

ing oscillation with controls frozen. This maneuver was also done for defining yaw con-
trol by rudder and pitch control by stick fore and aft.

For the aerodynamic characteristics of the M2-F1 to be defined completely,

Thompson and Peterson had to perform almost 100 maneuvers. With only about six
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minutesavailableastheM2-F1glideddownfrom12,000feet,thepilotsusedflight
cardstosqueezeinasmanymaneuversaspossiblebeforehavingtosetup forland-
ing.Eachflightaveragedfourmaneuversduringthosesixminutes.

Aerodynamicistsdefinethecharacteristicsofagivenairplaneshapebytheuseof
aerodynamicderivativescomingfromthreetypesofair forces:thosecausedbywind
flowdirection,angleof attack,andangleof sideslip;controldeflections;androtary
motions.Whiletherewasplentyof wind-tunneldataontheM2-F1tocomparewith
flightdataonthefirsttwotypesofair forces,therewasnowind-tunneldatafor the
third,thoseairforcescausedbyrotarymotionsofthevehicle.Thefirsttwotypescouht
beevaluatedeasilyin thewindtunnelwiththemodelheldstationer),onstringsor
pedestals.However,thethirdtypecanbeevaluatedonlyhyusingelaboratemecha-
nismsto rotatethemodelrapidlyin all axes(roll,yaw,andpitch). Noattemptwas
madeatNASAAmestoobtainthistypeofdynamicordampingdataduringthewind-
tunneltestingoftileM2-F1,notonlybecauseofthehugeexpenseinvolvedin devel-
opingthemechanisms,butespeciallybecauseofthelackofconfidencein thistypeof
wind-tunneldata,the elaboratemechanismsinterferingwith the airflowaround
themodel.

We"guesstimated"therotarydatathatweput intothesimulatoralongwiththe
otherdataresultingfromwind-tunnelmeasurements.Often,these"guesstimates"
turnedouttobeoffbyafactorof threeor foursince,at thetime,wedidn'thavegood
techniquesforestimatingaerodynamicrotarydampingderivatives.KenIliff andLarry
Taylorput theirheadstogether,tryingtocomeupwithasolution.

TheydecidedtoconvertTaylor'sgarageathishomeinLancasterintoawindtun-
nel for measuringrotaryderivatives,usingthe originalsmall-scalemodelof the
M2-F1thatI hadbuilt.Taylorbuilt a longboxwithafive-horsepowerelectricfanin
oneend,plusstraighteningvanesandaspecialtestsectionin themiddle.Theysealed
thegaragedoorsotheentiregaragecouldbeusedtoreturntheairtoberecireulated
throughtheboxinlet,thusmakingit amoreefficientclosed-looptunnel.Tayloralso
designedantiriggedabalancesystemcomposedofstrings,pulleys,antiaverysensi-
tivestringtensionmeasuringdevicesotheM2-F1modelcouhlberolled,yawed,or
pitchedat differentrates.Of course,lightweighthouseholdobjectshangingin the
garagehadtobeanchoredtokeepthemfromblowingaroundin thegarage.Theseat-
homewind-tunneltestsprovidedthedataforthesimulatorestimatesandforcompar-
isonwithactualflightdata.

Iliff andTayloralsoapplieda trial-and-errortechnique,originatedt)yDickDay
ontheX-2project,thatusedtheanalogflightsimulatorforextractingderivativesin
flight.Theychangedsettingsonthesimulationoneatatimeuntil theygottimehis-
toriesofdynamicmaneuversfromthesimulatortomatchupwiththoserecordedfrom
flight.Althoughthiswasalongandtediousprocesswithlimitedaccuracy,it wasthe
onlywayweknewatthetimefordoingthistaskwithanalogsystems.HarrietSmith
wasprimarilyresponsibleforextractingderivativesfromtheM2-F1flightdata,using
this techniquewiththeanalogsimulatm:In 1965,Smithpublisheda reportentitled
"Evaluationof theLateral-DirectionalStabilityandControlCharacteristicsof the
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l,ightweightM2-F1l,iftingBodyatLowSpeeds,"showingtheflightresultswithwind-
tunnelcomparisons)°

Iliff andTayloralsohadnewtoolscomingintouseby whichto sharpentheir
trade,forthedigitalcomputerrevolutionwasin full swingbythistime.Withinafew
years,theydevelopeda newcomputertechniquecalled"themaximumlikelihood
estimator,"bywhichdynamic-maneuverflightdatacouhIbeinputintoadigitalcom-
puter to produceaerodynamicderivatives--atechniqueproducingveryaccurate
resultssolongastheflightdatausedis highin qualityandaccuracy.In fact,"the
maximumlikelihoodestimator"thatIliff andTaylororiginatedduringthelifting-body
eraattheNASAFlightResearchCenteriscurrentlybeingusedbyflight-testorgani-
zationsin theUnitedStatesandinvariouscountriesaroundtheworld.11

Aerobatics in the Flying Bathtub

Over the next two years, 1965 and 1966, the M2-F1 was used primarily to check

out and familiarize more pilots with the lifting body, including NASA pilots Bill Dana

and Fred Haise and Air Force pilots Joe Engle, Jerry Gentry, and Don Sorlie. By this

time, flying the M2-F1 was also a kind of preparatory task undertaken by pilots who

hoped later to fly the M2-FI's heavyweight successor, the M2-F2. The M2-F1 made

28 air-tow flights during 1965 and 1966, and by the time the first lifting body was

retired from flight in August 1966, it had been flown by ten pilots about 400 times by

car-tow and 77 times by air-tow. Fred Haise and Joe Engle flew the M2-F1 only on

car-tows to 25 and 30 feet in altitude on 22 April 1966, their experience with the lift-

ing body cut short due to their being selected as astronauts for NASA space missions.

Mih Thompson and Vic Horton developed a formal lifting-body pilot checkout

procedure that required each pilot to make 24 car-tows before his first air-tow flight.

The first three car-tows involved nose-gear steering with tow-line releases at up to 45

10. Harriett J. Smith, Evaluation of the Lateral-Directional Stability and Control

Characteristics of the Lightweight M2-FI Lifting Body at Low Speeds (Washington, D.C.: NASA

Technical Note D-3022, 1965).

ll. Another name for "maximum likelihood estimator" is parameter estimation, which can also be

described as a series of mathematical procedures developed hy DQ'den researchers to extract previous-

ly unohtainahle aerodynamic values from actual aircraft responses in flight. This contrihution allowed

flight researchers for the first time to compare certain flight resuhs with predictions. A discussion of this

technique appears in Lawrence W. Tayh_r anti Kenneth W. lliff, "A Modified Newton-Raphson Method

for Determining Stahility Derivatives from Flight Data,, paper presented at the Second International

Conference on Computing Methods in Optimizalion Problems, San Remo, Italy, Sept. 9-13, 1968. On this

matter, see also Keuneth W. Iliff, "Parameter Estimation fl}r Flight Vehicles," Journal of Guidance,

Coatrol, and Dynamics , vol. 12 (Sept.-Oct. 1989): 609-22.
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milesperhour.Thenextsixcar-towsinvolvednose-wheelrotationsupto60milesper
hour.Thefinalfifteencar-towsinvolveddoinglift-offsatup to95milesperhourto
familiarizethepilot with roll controlwithelevonsandyawcontrolwith rudders.
Ahhoughthe numberof car-towsrequiredseemedexcessiveto the pilots,Mih
Thompsonfelttherequirementwasnecessaryto minimizetheriskofinjurytoapilot
ordamagetothevehicleduringcar-andair-tows.

Beforemovingontoair-tows,thepilotswerealsofamiliarizedwiththeflarepor-
tionof lifting-bodyflightby meansof a three-degrees-of-freedomsimulatoranda
shadowgraphpresentation.Thispre-flightprocedureincludedfamiliarizingthepilots
withthecapahilitiesofthelanding-assistrocket.

On16July1965,it wasCaptainJerryGentry'sturntogetcheckedoutin theM2-
F1.AnAir ForcetestandfighterpilotwholatermadethefirstflightoftheAirForce's
X-24AandthenflewmissionsinVietnam,GentryfoundflyingtheM2-F1onair-tow
tobechallenging.

Thelifting bodywashookedbytow-lineontotheGooneyBird,antithetakeoff
began.GentryliftedtheM2-F1intoformationaboveandbehindtheGooneyBirdon
theendofthe1,O00-foottow-line.Then,theGooneyBird,pilotedbyFredHaise,lift-
edoff.Atabout200-footaltitude,whileGentrywasclimbing,somethingbegantogo
wrong.Gentrybeganmakingsmallroll inputstocorrecttherightandleftpositionsof
theliftingbodyrelativetotheGooneyBird,hiscorrectionsgrowinglargerandlarger.
All atonce,wehadanotherpilot-inducedoscillationin themaking.

Astheamplitudeoftheoscillationincreased,sodidtheurgencyofradiocontacts
withGentry:

"Levelyourwing..."
"Levelyourwings!"
"Release..."
"Release!"
"Eject!"
"Eject!"
AstheGooneyBirdslowlyclimbedto300feetabovethelakebed,VicHortonwas

watchingtheM2-F1throughthetow-plane'sobservationdome,therockingmotionof
theM2-F1growinglargerandlarger.HewatchedinhorrorastheM2-F1rolledbelly-
upamtdisappearedfromsightbelowthetailoftheGooneyBird.BothGentryandthe
safelymonitoraboardtheGooneyBirdreleasedthetow-line,realizingthesituation
wascompletelyoutofcontrol.VicHortonwasconvincedthathe'dnextseepiecesof
theM2-F1scatteredacrossthelakebed,which,hadit happened,eouhlhavebeenthe
endofthelifting-bodyprogram.

Whenit wasreleasedfromthetow-line,theM2-F1wasinvertedwithitsnosehigh
andtravelingatapproximately100knotsairspeed,orabout115milesperhour.The

probal_ility of recovery from that condition was virtually zero. During a normal laml-

ing, with the vehicle straight and level, the flare would be initiated at that 300-foot
ahitude at a stabilized speed of 120 knots, or 138 miles per hour. Theoretically, at

least, it was impossible to get the nose down in time to pick up the speed needed to
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M2-F1 dummy ejection seat test setup at South Edwards. (Air Force photo JN-043-1, available as NASA

photo EC97 44183-4)

accomplish flare. Fortunately, Gentry ignored theory and, after release from the tow-

line, completed the barrel roll, touching down on the lakebed at the bottom of the
roll...all in nine seconds. It was a hard roll that broke the landing gear but it produced

no other damage or injuries, except to Gentry's pride.

Gentry was so upset that he insisted on trying another flight immediately. Other

members of the operation, including the instructor pilot, were in such a state of shock

at the time that they agreed to try again, even though the M2-F1 was obviously listing

heavily to one side due to its broken landing gear. Luckily, cooler heads had observed
the entire incident from the office of the Director of Flight Operations. A stern call

came over the radio to knock it off and get back in here.

During the next thirteen months, while Gentry practice more car-tows, the

repaired M2-F1 was flown nine times by Mih Thompson. On 16 August 1966, Gentry

got his second chance at a checkout flight on the M2-F1. None of us expected history

to repeat itself, but it (lid. We watched in shock as the same sequence of events rapid-

ly developed, a low-amplitude lateral oscillation beginning immediately after liftoff,

rapidly building to greater than plus or minus 180 degrees. Once again the tow-line
was released with the M2-F1 upside down at 300 feet above the lakebed. Gentry must

have found something familiar about the episode, for this time he released the tow,

completed the barrel roll, came wings level, ignited the landing rocket, and made a

perfect landing.
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Thesecondtimearoundthere was no damage to the vehicle, but Bikle apparent-

ly had had enough. "That's it!" he said. Bikle saw towing as a special problem with

the M2-F1, believing that in future we should look into launching lifting bodies from

bombers. Bikle stuck by his decision, grounding the M2-F1 permanently. With that,

the first lifting-body vehicle was retired from flight.

Gentry later was able to prove to Bikle, Thompson, and Lieutenant Colonel Don

Sorlie, the official boss of the Air Force's lifting-body pilots, that his problems in the

M2-F1 were caused simply by a lack of visibility. Being much shorter than the other

pilots affected his eye position in the cockpit of the M2-F1 considerably, so much so

that "after the lifting body and the Gooney Bird left the ground on tow, he could see

neither the Gooney Bird nor the horizon through the nose window, making it human-

ly impossible to control the vehicle's attitude.

Recalling the event years later, Gentry" said with a laugh, "Oh, hell, I was upside

down twice on tow. As soon as I could figure out which way the roll was going, I put

stick in with the roll and went on around. When I got momentarily to wings-level, I

punched off. Barely had time to release the tow, flare, and whump. The second time it

happened, I said, 'Well, I've been here before.' I'd gotten good enough at it that I even

glided for a few seconds. 'q2

Whether Gentry would be allowed to continue flying lifting bodies in future phas-

es of the program rested entirely on the ruling of Bikle and Thompson after confelving

with Sorlie. They decided to allow Gentry to continue with the rocket-powered lifting

bodies. In 1992, in his acceptanee speech at a Test Pilots' Walk of Honor awards cer-

emony in Lancaster, Gentry expressed appreciation for Bikle and Thompson's deci-

sion. While he was flying the lifting bodies, Gentry was the project pilot on the F-4E

and later did flight tests on other aircraft including the F-4C/D, F-104, F-]II,
and F-5.

Significance of the M2-F1 Program

The M2-F1 program proved to be the key unlocking the door to further lifting-

body programs, including the current Shuttle spacecraft and several other vehicles

currently in-progress, such as the X-33. Flight tests of the M2-F1 supplied the boost

in technical and political confidence needed to develop low lift-to-drag-ratio, unpow-

ered, horizontal-landing spacecraft.

Technical reports written by the engineers who were part of the M2-F1 program

also were important, establishing the lifting-body as a concept. For example, "Flight-
Determined Low-Speed Lift and Drag Characteristics of the Lightweight M2-F1

Lifting Body" by Victor W. Horton, Richard C. Eldredge, and Richard E. Klein com-

pared wind-tunnel and flight data to establish the fact that a lifting body with a max-

imum lift-to-drag ratio of 2.8 measured in-flight could be landed successfully and

12. Wilkinson, "Legacyof the lfifiingBody,"pp. 54-55.
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repeatedly by an unassisted pilotJ 3 Furthermore, the findings of the M2-F1 stability-

and-control engineering team--Ken Iliff, Bertha Ryan, HmTiet Smith, and Larry

Taylor--demonstrated that a radically-shaped flying machine such as the M2-F1 did

not need automatic: control augmentation to have acceptable and even good handling

qualities, a conclusion confirmed in Harriet J. Smith's "Evaluation of the lateral-

Directional Stability and Control Characteristics of the Lightweight M2-F1 Lifting

Body at Low Speeds. 'q4

In the 1960s, the lifting-body concept was so tentative in tile minds of space plan-

ners that the M2-F1 program seemed destined to have pronounced effect on the direc-

tion taken afterwards in space vehicles, the potential for development of

horizontal-landing spacecraft fairly mueh dependent upon our success. Any one of

three different effects could have followed from the three major outcomes possible for

the M2-FI program:

First, the M2-F1 program could have halted after the car-tows at very low alti-

tudes, as would have happened had Paul Bikle agreed with the then Chief of the

Research Division at the NASA Flight Research Center. Had this happened, the

expressed lack of confidence in the flight concept could have prevented the later

acceptance of any proposed follow-on lifting-body programs, which, in turn, could

have slowed or prevented the later development of a horizontal-landing spacecraft

such as the current Shuttle.

Second, if we had had a serious accident with the M2-F1 in which a pilot was

injured severely or killed, it isn't likely that any additional lifting-body flight-test pro-

grams would have taken place, making even less likely the later development of

today's Shuttle and other horizontal-landing spacecraft.

Third, the M2-F1 program could be an adventure in success and open the door

for future lifting-body programs. Fortunately, this is exactly what happened. And the

door remains open for generations yet to come of the progeny of the original lifting

body, the lightweight M2-F1.

13. Victor W. Horlon, Richard C. Ehtredge, and Richard E. Klein, Flight-Determined Low-Speed
Lift and Drag Characteristics of the Lightweight M2-FI Lifting Body O_ashington, D.C.: NASA
TN D3021, 1965).

14. Harriett J. Smith, Evaluation of the Lateral-Directional Stability and Control
Characteristics of the Lightweight M2-F1 Lifting Body at Low Speeds (Washington, D.C.: NASA
Technical Note D-3022, 1965).
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ON TO THE HEAVYWEIGHTS

When Paul Bikle grounded the M2-F1 permanently in mid-August 1966, a

ground swell of interest in lifting-body re-entry vehicles had been growing for over two

years within NASA. The initial flights of the M2-F1 had shown that the lifting-body

shape could fly. As early as two weeks after the first car-tows of ttle M2-F1 in April

1963, Bikle had shared his confidence in lifting bodies with NASA Headquarters,

writing Director of Space Vehicles Milton Ames that the more the Flight Research

Center got into the lifting body concept, the better the concept looked.

Bikle also mentioned that he was noticing "a rising level of interest" in the lift-

ing-body concept at the Ames and Langley centers. By 1964, NASA Headquarters

and these two Centers had considerably increased their participation in the lifting-

body concept through the Office of Advanced Research and Technology (OAR])

under the direction of NASA Associate Administrator Raymond Bisplinghoff.

By this time there were also many lifting-body advocates within the aerospace

industry and the Air Force. The successful flights of the M2-F1 had accelerated the

aerospace community's interest in the possibility of applying the concept of lifting re-

entry to the next generation of spacecraft. After our M2-F1 success, the lifting body

quickly rose toward the top of the Air Force's priorities in re-entry designs. Although

there were still many in the Air Force holding out for variable geometry wings and jet

engines to assist in landing recovery, wingless and unpowered vehicles had become

more prominent in both NASA and Air Force studies. 1

Change in Plans: On to Rocket Flight

I had originally planned to fly three lightweight lifting-body shapes. Once the M2-

F1 had been built, I was ready to move on to the other two shapes, the M1-L and the

lenticular. By this time, however, interest in building the other two shapes into vehi-

cles had waned, replaced by the urge to fly a rocket-powered lifting body at transon-

ic speeds.

After the M2-F1 was built in 1962, I went to NASA Ames and NASA Langley to

confer with other engineers about developing lifting re-entry configurations. At NASA

Langley, I discovered that the leading lifting-body advocates among the engineers

were rapidly making progress. Eugene Love was leading the lifting-body interest at

NASA Langley, with Jack Paulson, Robert Rainey, and Bernard Spencer conducting

1. Entire three paragraphs above, including quotation, based upon tlallion, On the Frontier,
pp. 151-53.
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studies and wind-tunnel tests on candidate designs. Although they were still consid-

ering deployable wings and jet engines, a powered and wingless lifting-body configu-

ration-the HL-IO (for Horizontal Lander)--emerged as a strong contender after our

success in flying the M2-F1.

NASA Headquarters assigned Fred DeMerritte as program manager for coordi-

nating lifting-body activities at various sites, including tile Flight Research Center,

Ames, and Langley. g_ felt fortunate to have DeMerritte as program manage_, for he

was a good team worker who listened to us. His skill in cutting through red tape

helped us move the lifting-body program along. We set up a planning team composed
of three members, one for each of the three NASA sites. While I represented the Flight

Research Center, George Kenyon and Bob Rainey represented Ames and Langley,

respectively. Since Johnson Space Center in Houston, Texas, had become the leading

Center for manned space exploration, the planning team met at Johnson with its repre-
sentatives.

After Kenyon, Rainey, and I presented the views of our colleagues, we quickly

narrowed in on two important objectives. First, future flight tests on lifting bodies

should be at wing loadings or weights five to ten times more than those of the M2-F1.

Secondly, flight-test vehicles should be capable of the higher speeds in the transonic

and lower supersonic speed ranges where large changes in lifting-body aerodynamics
Occur.

After my return to the NASA Flight Research Center, I put together a plan for a

hea_'eight M2-FI with the same dimensions as the original vehicle, proposing to

launch the hea_Tweight version from the Center's B-52 in a way similar to how the X-

15 was launched. The X-15 program was no longer using the LR-11 rocket engines,

and we couht use them now in our lifting-body program. The LR-11 engine consists

of four separate barrels or chambers, each barrel developing some 2,000 pounds of

thrust for a total thrust of about 8,000 pounds. The pilot had four increments of throt-

tling capability since each barrel could be operated separately. Two LR-11 engines in

the X-15 had achieved 16,000 pounds of thrust, the engines burning a combination of

water and alcohol, with liquid oxygen employed as the oxidizer. The 33,000-pound X-

15, including the 18,000 pounds of fuel and oxidizer that it carried aloft, had
achieved Mach 3.50 with the two LR-11 engines. We figured that we could achieve

our transonic speed objective by using one LR-11 to get (:lose to Mach 2 flight in an
aluminum version of the M2-FI.2

To get a simple weight estimation for the aluminum lifting body, I compared the

wingless weights of two aircraft that had used the LR-11s earlier, the X-1 and the D-

2. Paragraph based in part on Thompson,..It the Edge of Space, pp. 46-47, 85, but that source gives

informationon theLR-I 1 engines that werenot uprated. The poweredliftingbodies used uprated engines
with upwards of 8,000 lbs. of thrust versus the 6,0OOlbs. of the original I.R-I1. See Frank Winter,
'"Black Betsy': The6000C-4 Rocket Engine, 1945-1989. Part II," dcta dstronauti<'a 32, No.4 (1994):
314-17, and Dax_dBaker, Spaceflight andRoc_'etr)': _4Chronology ['New_brk:Facts on File, 1996),
p. 167.
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558,comingupwithatargetweightofabout10,000pounds.I estimatedthevehicle
weightofthealuminumM2-F1wouldbe5,000pounds,includingoneLR-11engine.
Giventhelargevolumeinherentin thelifting-bodyshape,I foresawlittledifficultyin
installingtanksto carryanother5,000poundsof fuel andoxidizer,bringingthe
launchweightuptoabout10,000pounds.

Oneproblemaroserightawayindesigningthevehicle.In theunpoweredM2-F1,
thepilotandejectionseathadbeenpositionedontheaircraft'scenterofgTavity,where
the fuel tanks would need to be in the rocket-powered version. Fortunately, there was

enough depth in the basic M2-F1 shape to move the pilot and canopy fo_Tard of the

center of gravity. Earlier I had hoped that we could preserve the M2-FI's original

shape in the aluminum version so that the wind-tunnel and flight data measured on

the original version would remain valid for the aluminum follow-on. Moving the

canopy forward, however, meant aerodynamic changes that made new wind-tunnel

tests mandatory.
I calculated the aircraft's performance, assuming an air launch of a 10,000-pound

M2-F1 from a B-52 at 45,000 feet, with an 8,000-pound-thrust LR-I1 engine burning

down to a burnout weight of 5,000 pounds. The result showed that a speed close to
Mach 2 could be achieved.

Birth of the M2-F2

The cost of a rocket-powered lifting-body program could he cut substantially, I

found, by using the present facilities and personnel for maintaining and operating the

LR-11 engines and hy using NASA's B-52 as a mothership for launching the lifting
body. We could design and fabricate an adapter to be used in launching the lifting

body that would attach to the B-52's wing pylon used in air-launching the X-15. When

I presented my idea for the rocket-powered lifting-hody program to Paul Bikle, he said

it sounded good and suggested I try the idea out on others at the NASA Ames
Research Center.

I presented the idea to members of tile NASA Ames wind-tunnel team, including

Clarence Syvertson, George Kenyon, and Jack Bronson. While they liked the idea,

they said the "elephant ears" on the M2-F1 would have to go hecause they would burn

off during re-entry fi'om space. They were concerned that these outer horizontal

elevons would create a serious heating problem from shock-wave and boundary-Iayer

interaction as well as shock-wave impingement. I tried to talk them into leaving them

on, knowing the elevons worked very well for roll control on the M2-F1 and provided

a lot of roll damping to help retard any potential problems in roll oscillation. But they

insisted that they had to go, saying there were no materials that could take the poten-

tial heat that would be generated on the elevons' leading edge and the slot between
the elevon and vertical tail. After the NASA Ames team presented the M2-F2 config-

uration that it recommended for space re-entry, the team said we should use the M2-

F2 in place of the M2-F1 shape in a rocket-powered transonic research program.
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TherollcontrolontheM2-F2consistedofsplitupperflapsofthesortwehadorig-
inallybuilt ontheM2-F1but abandonedbeforewehadstartedflight-testing.The
NASAAmesteamalsoaddedanextrabodyflaponthelowersurfacesothattheupper
split flapsandthelowerbodyflapcouhtbeopenedlike feathersonashuttlecockto
givethelongitudinalstabilityneededattransonicspeeds.

Eventhoughtheextrabodyflapcausedincreaseddrag,theNASAAmesteam
membersdefendedtheirdecisionmadeonthebasisofwind-tunneltestresults.Ken
Iliff andI expressedconcernaboutadverseyawfromthesplit-flaproll control.They
saidwecouldcancelit outbydesigninganaileron-rudderinterconnectintothecon-
trolsystem.Thissoundedreasonablein theory,butthoseflapswouldcomplicateour
livesgreatlywhenweactuallyflewtheM2-F2.Thesimplestandmoststraight-forward
designsolutionshadalwaysappealedto me,andkeepingthe"elephantears"still
seemedtomethesimplestandmostdirectoption.

Notgivingupeasily,I askedtheNASAAmesengineersaboutthepressureonthe
upper-bodyflapscausedbytheaerodynamicinteractionof therudders.TheysaidI
shouldn'tworryaboutthat,for theyhadpreventedthatproblembymakingtherud-
dersoperatelike splitflapswithoutwardmovementonly.Thestationaryinnersurface
oftheverticalfinadjacenttotherudderwouldshieldthesplitelevonupperflapsfrom
rudderpressure,theyclaimed.Theydefendedthefeature,sayingthetransonicshut-
tlecockeffectwasneededinbothyawandlongitudinalaxes.Movingbothruddersout-
board,theyadded,provideddirectionalstabilityin thetransonicspeedregion--and
addedmoredrag,ofcourse.

Meanwhile,Iliff andtheDrydenanalyticalteamhaddoneagreatdealofworkon
databasesfornotonlytheM2-F2butfora genericM2vehicle,theHL-10,andan
earlierversionoftheX-24calledtheSV-5.HarrietSmithandBerthaRyanworked
withsimulationprogrammerstodevelopanalogengineeringsimulatorsforstudyofthe
unusualaircraftdynamicsofthettL-IO andthevariousM2configurations.Basedon
dynamicstudies,theteambelievedthatacenterfinwasthebestsolutiontoproblems
of instabilitythat theyhad identified.However,the Amesteamarguedthat the
increaseindihedraleffectfromacenterfinwouldmaketheM2-F2muchmoresen-
sitivetosidegusts.Milt ThompsonagreedwiththeAmesteamthatit wasnotagood
ideatomakethevehiclemoresensitivetogusts.

By now,the lifting-bodyprogramwassnowballing.Weweregettingevenmore
inputcontinuallyfromNASAengineersatothersiteswhowereexperiencedinaircraft
andspacecraftdesign.I begantofeelit mightbetimeformetobackofffrommysim-
pleapproachandletmoreoftheseexpertscontributetotheprogram.Designingcon-
trolsystemsforliftingbodieswasgoingtobeamajoreffortrequiringalotofexpert
help,I felt.Asa result,wefrozetheM2-F2configurationwiththeforwardcanopy
locationandthegreatlymodifiedaerodynamiccontrolsontheaftendofthebody.

PaulBikle,Mih Thompson,andI put togethera programproposalforNASA
Headquarters.Becauseof thegrowingimportanceofouractivitytothefutureoflift-
ingre-entry,wesuggestedthattwoM2-F2sbebuiltatthesametimetoprovideuswith
abackupincaseonevehiclewasdamagedandtoallowustodoseparateexperiments
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simultaneously.Wepresentedourproposalto FredDeMerritteandhis bossesat
NASAHeadquarters.Afterlisteningtous,DeMerrittesaidthey'dratherwesubsti-
tutedtheNASALangleyHL-IOforthesecondM2-F2.

GeneLoveandthecontingentfromNASAI,angleyhadmadepresentationsto
NASAHeadquarterstheweekbeforewepresentedourproposal.Giventheclose
proximity of the LangleyResearchCenterin Hampton,Virginia, to NASA
HeadquartersinWashington,D.C.,it wascommonforLangleyrepresentativestobe
attheWashingtonheadquartersalmostdaily.Unofficially,NASALangleyhadalways
beenconsideredthe"mother"researchcenter,andNASAHeadquartersseemedtobe
moreinfluencedbyLangleythanbyanyotherNASAresearchcenter.

Birth of the HL- 10

In 1957, while AI Eggers and his NASA Ames team were studying half-cone re-

entry configurations, NASA Langley researchers were conducting broader re-entry

studies, including winged and lifting-body vehicles. Hypersonic studies conducted at

Langley's aerophysics division were evaluating various aerodynamic shapes. Prelimi-

nary goals at Langley in design features for a re-entry vehicle included minimization

of refurbishment in time and money, fixed geometry, low deceleration loads from

orbital speeds, low heating rates, ability for roll and pitch modulation, and horizontal

powered landing.

According to these studies at Langley, a re-entry lifting-body vehicle with nega-

tive camber (that is, with the curved portions of wing surfaces turned upside-down)

and a flat bottom might have higher trimmed lift-to-drag ratios over tile angle-of-attack

range than those of a blunt half-cone design. The negative-camber concept was used

in 1957 in developing a vehicle--initially referred to as a Manned Lifting Re-entry

Vehicle (MLRV), but now referred to simply as a lifting body--that was stable about

its three axes and retained a flat lower surface for better hypersonic lifting capability.

These studies at Langley found that a vehicle with an aerodynamic flap, a flat bottom,

and a nose tilted up at 20 degrees would be stable about the pitch, roll, and yaw axes

and trim at angles of attack up to approximately 52 degrees at a lift-to-drag ratio in
excess of 0.6.

In a paper presented at the 1958 NACA Conference on High-Speed

Aerodynamics, NASA Langley's John Becker described a small winged re-entry vehi-

cle embodying all of the features that had earlier been identified as design goals at

Langley, including low lift-to-drag ratio for range control, hypersonic maneuverabili-

ty, and conventional glide-landing capability. 3 The vehicle in Becket's paper also

3. John V. Becker, "PreliminaD. Studies of Manned Satellites--Winged Configurations,"NACA
Conferenceon High-SpeedAerodynamics:A Compilationof PapersPresented (MoffettField, CA: Ames
Aeronautical Laboratory,1958), pp. 45-57.
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includedaflat-bottomedwingwithlargeleading-edgeradiusandafuselagecrossing
theprotectedleeareaatopthewing.Thisconfiguration,however,wasn'tselectedto
cart'),thefirstAmericanastronautintospace.OfficialsatJohnsonSpaceCenteropted
insteadforaballisticcapsule,theMercury"maninacan."Theirdecision,however,
didnotdeterresearchersat NASALangleyfromcontinuingtodevelopconceptsand
designgoalsfor a lifting re-entry vehicle.

In the early 1960s in its space mission studies, Langley's astrophysics division

began moving away from winged to lifting-body configurations. The first seven refined

mission vehicle goals of 1962 echoed the desirable characteristics of re-entry vehicles

described in these studies. One goal was a hypersonic lift-to-drag ratio near 1 without

elevon deflection, thus avoiding heating problems near the elevons in the maximum

beating portion of the trajectory. Another goal was high trimmed lift at hypersonic

speeds, providing high-altitude lift modulation. A subsonic lift-to-drag ratio of

approximately 4 was desirable for horizontal runway landings without power during

emergencies. Furthermore, the vehicle's body should provide high volumetric effi-

ciency (the ratio of the useful internal volume to the total exterior volume encom-

passed by the external skin) with a 12-person capability, and it should have

acceptable heating rates and loads at all speeds, possibly including super-orbital

ones. Also essential were launch-vehicle compatibility and stability and control over

the speed range.

Evolving configurations at Langley were refined to meet these mission goals.

Trade-off studies interrelated sweep, thickness ratio, leading-edge radius, and loca-

tion of maximum thickness. The negatively cambered HI,-10 liftlng-body design

emerged in 1962. It then entered an intermediate stage of evolution, involving nearly

ever), research division at Langley in intensive efforts to identify and find solutions fi)r
problems associated with this type of configuration. Interestingly enough, much

debate still raged over negative camber versus no camber (or symmetrical shape),

fueling even more detailed studies. In the end, negatively cambered and symmetrical

(no camber) configurations were evaluated in terms of the mission goals. Three more

mission goals were also added, becoming serious issues in selecting camber: lower

heating rates and loads comparison, lower angle of attack for a given subsonic lift-to-

drag ratio, and reduced subsonic flow separation. The negatively cambered HL-10

met nine of the ten mission goals, the symmetrical design meeting only five. The only

goal not met by the HL-10 was the lower angle of attack for a given subsonic lift-to-

drag ratio.

The HL-10 evolved as a flat-bottomed, fixed-geometry body with rounded edges

and a split trailing-edge elevon capable of symmetric upward deflection, providing the

pitch trim and stability required for hypersonic re-entry and subsonic flight. The trail-

ing-edge elevon would also deflect differentially for roll control. For even more direc-

tional stability, tip fins were added. The lower sm'face was negatively cambered,

assuming a rocking-horse shape to provide longitudinal trim. The aft end of the upper

surface was gradually tapered, or boat-tailed, reducing subsonic base drag and

decreasing problems in transonic aerodynamics. There was enough forwaM volumet-
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ric distributionwithintheHL-10to meetcenter-of-gravityrequirementsforsubsys-
temsandcrewinbalancingthevehicleforflight.

As researchand developmenton the final vehicledesignbeganat Langle),
researchcenteredonsuchissuesastrajectoryanalysisandentryenvironment,heat
transfer,structuresandthermalprotection,aerodynamics,dynamic'stabilityandcon-
trol, handlingqualities,landingmethods,emergencylandingson landandwater,
equipmentand personnellayout,and viscouseffectsincludingMachnumber,
Reynoldsnumberaerodynamicscalingfactor,andvehiclelength.

Becausetheshaperesembledthatofahydroplaneracingboat,Langleyalsocon-
ductedtestswithHL-10modelsforhorizontallandingsonwater,usingitswatertest
basinfacility.However,evenmorewater-landingtestswouldhavebeenneededto
optimizetheHL-10'sshapeforwaterlandings.

A disadvantagethenandnowofliftingbodiesis thattheysufferanaerodynamic
heatingpenaltyduetothefactthattheyspendmoretimewithintheentrytrajectory
thandoballisticmissiles.Consequently,methodsofthermalprotectionwereexten-
sivelyresearched.Usingsmallandthin-skinnedinconelmodels,engineersalsomade
detailedwind-tunneltests,measuringheat-transferdistributionsatMach8and20.In
greatdetail,experimentalheatingwasmeasuredonthemodels'shapes.

ThevolumetricefficiencyfortheproposedHL-10wasrelativelyhighin several
designs.One12-personconfigurationhadanestimatedlengthof25-30feet,aspanof
21feet,andapressurizedvolumeof 701cubicfeet.It alsohadanattachedrocket
adaptermoduleandafull-lengthraisedcanopy.Somevehicledesignswere100or
morefeethmg.

Thecamberissuesettled,by1964theHL-10hadassumedaswaybackedshape,
like thatof achild'srockinghorse.Todeterminethebestfin configuration,Langley
conductedstudiesusingtenwind-tunnelmodels--rangingfroma4.5-inchhyperson-
ic onewithtwinverticalfinstoa28-footlow-speedversionwithasinglecentraldor-
sal fin. Researchersinvestigatedsingle-,twin-,andtriple-finarrangements,both
lower-outboardanddorsal,alongwithvariousmodificationstotheaftendofthevehi-
cle'sbody.Findinganacceptablefin arrangementinvolveda compromisebetween
subsonictrimmedperformanceandhypersonictrimandstability.Langleyproposed
thatwebuildtheconfigurationthatofferedthebestcompromise,atriple-finHL-10.

NASA-Northrop Program: Building the M2-F2 and HL-10

I formed a team at the NASA Flight Research Center that then wrote a Statement

of Work for designing and fabricating the M2-F2 and HL-IO. Besides furnishing the

LR-11 rocket engines, NASA would provide all wind-tunnel data as well as aerody-

namic load and B-52 captive-load specifications. NASA would also do all control-sys-

tem analysis and simulation needed for specifying control laws and gains in the

automatic functions of controls. The contractor's main responsibility would be to

design and build the hardware in concert with the NASA analytical team.
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Fortunately,operationsengineersandtechniciansontheX-15programhelpedus
writethespecificationsonpilotlife-support,electricalpowersupply,hydrauliccon-
trol, landinggear,rocket,androcketfuelsubsystems.Oneof mylong-timefriends,
JohnMcTigue,thenoperationsengineeronthethirdX-15,helpedmespecifythe
workforoperationalsystems.MihThompsonandBrucePetersonhelpedmewritethe
portionsrelatingtothepilot'scontrolsandcockpitdisplays.

In February1964,havingauthorizationfromtheNASAAssociateAdministrator,
RaymondBisplinghoff,wewent"onthestreet"witha RequestforProposal(RFP),
solicitingbidsfrom26aerospacefirmsfor designingandfabricatingthetworocket-
poweredlifting bodies.Fortunately,severalcompanieswereinterestedin ourpro-
gram,believingthatthenextgenerationofspacecraftwouldhavehorizontallanding
capabilityandthatanyaerospacecontractorparticipatinginourexperimentallifting-
bodyprogramwouldhaveanedgeoverotherfirmsin laterspaceprograms.Fivecom-
paniessubmittedbids,andourchoiceeventuallywasnarrowedtotwoofthem:North
AmericanAviation(latertobecomeRockwellInternational,Rockwell_aeronautics
andspacedivisionsnowpartofBoeing)andNorthropCorporation.

ManysupposedthatNorthAmerican(laterselectedastheprimecontractoronthe
Apolloprogram)wouldbeashoo-inforthejob, sinceNorthAmericanhadbuilt the
X-15.However,theNorairDivisionof Northropclearlyhadthesuperiorbid, the
NASAFlightResearchCenterawardingthecontracttoNorthropon2June1964.The
RFP'stimingworkedin bothNorthrop'sandNASA'sfavor.Northrophadintactthe
teamthathadjustfinisheddevelopingtheprototypeT-38aircraft.A 19-monthinter-
valbetweentheT-38andanothermajorprogramallowedNorthroptoassignthisteam
of theirbestpeopletoourlifting-bodyprogram.Consequently,Northropcouldkeep
thisteamtogetherwhileNASAgotthebestbargainin skilledpeopleforitsprogram.
Northrop'sproposallistedallkeypersonsfromthisteamthatwouldbeworkingonour
program,providingusaswellwiththeirresumes.RalphC.Hakesof Northropwas
assignedasProjectDirectorwithFredR.ErbservingasNorthrop'schiefsystemsand
mechanicaldesigner.

Northrop'sproposalpresentedadetailedpreliminary"designwithdrawingsshow-
ingtheuseof manyoff-the-shelfcomponents,includingmodifiedT-37ejectionseat,
Northrop'sT-38canopyoperating/lockingmechanismandejectionsystem,T-38stick
grip,modifiedT-39dual-wheelnosegear,Northrop'sF-5maingearswithT-38wheels
andbrakes,Northrop'sX-21hydrauliccontrolactuators,andsilver-zincbatteriesfor
hydraulicandelectricalpower.Northropsignedafixed-pricecontractrequiringdeliv-
eryof thetwovehiclesin 19monthsfor$1.2millioneach,abargain-basementprice
forNASA,evenin the1960s.Accordingtooneaerospacespokesman,atthattimethe
M2-F2andHL-10couldhavecost$15millioneach.In themid-1960s,Northropwas
non-union,givingthecorporationflexibilityin adaptingthemosteconomicalandeffi-
cientmethodsforproducingthetwoliftingbodies.Northropnotonlydeliveredthe
vehicleson time but also did so with no cost overruns,two out-of-the-norm
accomplishmentsforaerospaceprogramstothattimeandsince.
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Northroppurposelykeptits projectorganizationleanandflexible,withanaver-
ageof 30engineersand60 shoppersonnel,eachaveraging20yearsof aerospace
experience.AsRalphHakeslaterrecalled,the engineersinvolvedwere"all twenty-
yearmenwhohadworkedtogovernmentspecificationsalltheirlivesandknewwhich
onestodesigntoandwhichtoskip." HeaddedthatNASA's"peopleandourswouht
talkthingsoveranddecidejointlywhatwasreasonablecompliancewiththespecifi-
cations.Decisionsweremadeonthespot.It didn'trequireproposalsandcounter-pro-
posals."4

NASA and Northrop's program managers devised a Joint Action Management

Plan accenting five guidelines for efficiency: keep paperwork to a minimum, keep the

number of employees working on the project to a minimum, have individuals--not

committees--making decisions, locate the project in one area where all needed

resources could be easily and quickly gathered, and fabricate the vehicles using a

conservative design approach. Consequently, engineering and factory areas were
located in the same building, and veteran shop technicians fabricated and assembled

components from a minimum of formal drawings and--in some cases--solely from

oral instructions. A special photographic process transposed drawings onto raw metal

stock, avoiding costly jigs and fixtures. Northrop's project personnel maintained a very

close operational relationship with NASA's personnel, maximizing the joint team's

ability to react swiftly in solving problems and making changes.

The overall tone of cooperation in this joint NASA-Northrop program had been

established from the beginning by Paul Bikle and Northrop's Richard Homer. Tile two

men had much respect for each other and a good person-to-person understanding of

how the program was to be conducted. Homer and Bikle had worked together often in

the past. Homer had worked for the Air Force from 1945 until June 1959, when he

became NASA associate administrator until July 1960. Afterwards, he became exec-

utive vice president of Northrop. Together, Bikle and Horner agreed to do away with

red tape and unnecessary paperwork, a simplification that had a dramatic effect on

keeping costs low and efficiency high. Both men had impeccable reputations and

credibility, keeping their word on agreements. Even though this was a fixed-price con-

tract, Bikle and Homer agreed that it would be to both NASA's and Northrop's best

interests to build these lifting bodies in the most cost-effective and timely manner.

The Program That Almost Was: Little Joes and the M2

About this time, another opportunity arose to conduct a low-cost program using

surplus equipment. Four Little Joe solid rockets, used to test the Apollo capsule's

escape system, were available at the NASA White Sands rocket testing facility in New

4. Quoted in Hallion, On the Frontier, p. 154.
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Mexico.I begantoexplorethepossibilityofmountinganM2-F2configurationontop
of at,ittleJoeboosterforaverticallaunchandpossibleflighttoMath6.

Earlier,beforeit wasassembledwiththesteel-tubecarriagestructure,I hadhad
afiberglassmoldmadefromtheM2-F1woodenshell,just incaseit wasdamagedin
flighttestsorwewantedtobuihtanother,heavier,M2outoffiberglassinsteadofwood.
Usingthis mold,I couldmakea vehiclewitha thickfiberglassskincapableof
withstandingspeedsuptoMach6.Thevehiclewouldbemademuchlike aboat,its
thickskinactinglike anablativecoatingtocoolthestructurefromaerodynamicheat-
ingathighspeeds.It wouldbeunpilotedwitharocketclimbandpush-overtrajecto-
ryfollowedbyapre-programmedturn.

AlsoavailableforrecoveringtheM2afterit hadsloweddownto aboutMach2
weresomesurplusparachutesystemsfromtheGeminiprogram.JohnKikerof the
JohnsonSpaceCenter,in chargeofdevelopingtheparachutespacecraftrecoverysys-
temsfor NASA'sGeminiandApolloprograms,offeredhisservicesin adaptingthe
parachutesystemsforrecoveryoftheM2.Oncewefoundoutwehadmutualinterests
ill flyingexperimentalradio-controlledmodelairplanes,KikerandI becameandhave
remainedfriends.In theearlydaysofShuttledevelopment,Kikerhadconstructedfly-
ing scalemodelsof theBoeingfour-engine747andtheEnterprise, then demon-

strated a successful launch of the model Enterprise from the back of the model 747

at Johnson Space Center. This test, using Kiker's models, was done before the

approach-and-landing tests of the full-scale Enterprise at Edwards AFB in
October 1977.

After I talked with Kiker, I telephoned Dick Thompson, the manager of the NASA

White Sands facility, about using the Little Joe boosters to launch an M2. Thompson

liked the idea and said he could furnish the personnel fi_r servicing the rockets,

preparing them for launch, and conducting the launch operation, if the Flight
Research Center would be responsible for the M2 payload. I found myself trying hard

to restrain my excitement, for I had already located a surplus hydraulic control sys-

tem and a programmable missile guidance system. It was all going too smoothly, too

quickly, too easily to be believable. About then, a big dose of reality intruded, ending

this tiny program before it had even begun.
Dick Thompson contacted me, saying the Little Joe rockets were out-of-date and

would require an inspection before they could be used. Being naive about how much

such things cost, it didn't occur to me that it would cost very much to inspect some-

thing as simple as a solid rocket. So it blew my mind when Thompson told me that an

inspection would cost about $1,000,000 per rocket--about half the cost of the

Northrop contract for the two lifting bodies. Apparently, the inspection involved much

more than simply x-raying the solid propellant for cracks.
I reasoned with Thompson, trying to find a way to use an abbreviated inspection

since the test flight wouht be unpiloted. Thompson was adamant, however, opposed to

allowing even the potential for an explosion on the launch pad, NASA space policy

having become very conservative after the early days of numerous rocket explosions

on the pad.
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Thusendedtheprogramthatalmostwas.It hadbeenagoodidea,justnotaprac-
ticalone.In thefuture,others'ideaswouldhavebetterchancesforsuccess.

NASA-Air Force Lifting-Body Program

Since 1960, the Air Force had also been conducting studies of piloted, maneu-

verable lifting-body spacecraft as alternatives to the ballistic orbital re-entry concepts

then in favor. Given the long history of cooperation and joint ventures between the Air

Force and the NASA Flight Research Center at Edwards AFB, it was only natural for

them eventually to pool their resources in the flight-test portion of the lifting-body pro-

gram, much the way they had in the X-15 and earlier X-plane programs.

Much as Wah Williams had done before him, Paul Bikle had always worked close-

ly and effectively with others at the Air Forte Flight Test Center. This spirit of coop-

eration extended to all personnel levels. Since the early clays of the NACA station at

Muroc in the late 1940s, there had been few, if any, disagreements at the work-level

between NASA and Air Force personnel, and any that existed had been imposed from
above.

In the early spring of 1965, as Northrop entered its final months of fabricating the

first of the two heavyweights, Paul Bikle recognized that the lifting-body program was,

like the X-15 program before it, becoming too large for the Flight Research Center

(FRC) to manage and operate alone and that NASA and the Air Force had similar

interests in the lifting bodies. Bikle met with his Air Force counterpart, Major General

Irving Branch, commander of the Air Force Flight Test Center (AFFTC), throughout

the early spring.

From those meetings emerged a memorandum of understanding between the two

centers on 19 April 1965, nearly two months before the M2-F2 was completed at

Northrop's plant in Hawthorne, California. Drawing on the two centers' shared expe-

rience with the X-15 program and alluding not only to the excellent working relation-

ship between NASA and the Air Force but also to similarities between the X-15 and

lifting-body programs, the memorandum of understanding created the Joint

FRC/AFFTC Lifting-Body Flight Test Committee. Ten members made up the commit-

tee headed up by Bikle as chairman and Branch as vice-chairman. Six of the remain-

ing eight members included one representative each from the NASA and Air Force

pilots, engineers, and project officers. A NASA instrumentation representative and an

Air Force medical officer completed the committee.

The joint flight-test committee had responsibility not only for the test program but

also for all outside relations and contacts. Maintenance, instrumentation, and ground

support for the vehicles remained the responsibility of the Flight Research Center.

The Air Force Flight Test Center assumed responsibility for the launch and support

aircraft, the rocket power plant, the personal equipment of the pilots, and medical

supp_Jrt. The two centers assumed joint responsibility for research flight planning,

flight data analysis, test piloting, range support, and overall flight operations.
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John _leTigue, _x,_,ISAlifting body project manager. (_5_ISA photo EC76 5352)
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Career Decision: Manager or Engineer?

As the lifting-body program grew larger, it needed a full-time manager to coordi-

nate activities among the NASA Flight Research Center, the Air Force Flight Test

Center, and the contractor, Northrop. Called into Paul Bikle's office one day, I was

confronted with a career decision. Bikle gave me a choice. I could move into man-

agement of the program, which would pull me away from involvement in day-to-day

technical and engineering activities, or I could stay with engineering.

Bikle told me that he thought I would be happier and NASA wouht benefit more

if I remained in engineering, free to continue generating new technical ideas. He said

that if I continued working within the program's technical engineering team, I could

serve as NASA's project engineer, coordinating all technical activities for the NASA

and Northrop engineering teams. He gave me a few clays to make my decision, saying

that if I opted to remain in engineering, he would appoint John McTigue as lifting-

body project manager. I decided to stay with engineering.
As an operations engineer on the X-15, McTigue had gained experience in sched-

uling crews and technicians to meet flight schedules. Bikle believed McTigue wouht

make good use of this experience in building up and servicing all systems needed to

operate the lifting bodies. McTigue was also very familiar with the rocket, hydraulic,

and life-support systems of the X-15s, which were, in most cases, identical to those of

the lifting bodies. Furthermore, Bikle earlier had created a competitive spirit among

the three X-15 operations engineers in meeting or beating flight schedules by betting

against these engineers. On several occasions, Bikle had lost his bet and McTigue had

won. Obviously, Bikle was impressed with McTigue as a manager who would keep the

program on schedule.

NASA and Northrop Single-Team Engineering

Having a flight-test facility at Edwards AFB for testing F-5s, T-38s, and X-21s,

Northrop ran a little commuter-plane operation daily between its plant in Hawthorne

in the Los Angeles basin and Edwards AFB, using a couple of Piaggio twin-engined

airplanes. During the 19 months of the lifting-body contract, I and the rest of the

NASA engineering team commuted almost daily by Northrop's planes to the

Hawthorne plant, where I spent nearly half of my time during this period.

In the lifting-body program, NASA engineers did not have the "do-as-I-say"

relationship with Northrop engineers that was typical between customer and contrac-

tor in the aerospace industry. Instead, we worked together as a single team to make

the best possible product. The keys to our success were mutual respect, trust, and

cooperation. The Northrop engineers respected and trusted not only the expertise of

the NASA engineers in aerodynamics and in stability and control analysis but also our

operational experience with rocket-powered aircraft. Equally, the NASA engineers

trusted and respected the outstanding ability of the Northrop engineers in fabricating
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airframes.Workingone-on-onein smallgroups,we madeon-the-spotdecisions,
avoidingtheusualtime-consumingprocessofwrittenproposalsandcounterproposals
insolvingproblemsandmakingchanges.

Oneday,wewerecalledtogetherbya NorthropengineernamedStevensonwho
wasresponsiblefortheM2-F2'sweightandbalance.Heshowedusthroughhislatest
calculationsthatmaintainingweightbalanceon theM2-F2wasbecominga large
problem,giventhetwin challenges of a narrow nose area, limiting space for systems,

and the requirement for locating muhiple actuator systems in the aft end with all con-

trol surfaces. We needed to do something drastic to restore balance by putting ballast,

or weight, in the nose. Otherwise, the vehicle would be tail-heavy.

An aircraft designer usually considers having to add ballast to a new vehicle as a

negative reflection on his or her ability to provide an efficient design. Ballast adds

nothing desirable. It puts higher loads on the structure and decreases the aircraft's

performance.

We faced a large dilemma. The usual solution would have been to put depleted

uranium around the pilot's feet in the aircraft's nose. Having a much higher density

than lead, depleted uranium is commonly used for balance in aerospace vehicles
when there is limited room for ballast. However, NASA pilots Milt Thompson and

Bruce Peterson, as well as the chief Air Force lifting-body pilot, Jerry Gentry, didn't

like the idea of cooking their feet in radiation, so we had to come up with another solu-
tion.

Stevenson did a cost trade-off study for using gold as ballast in the nose. He also

demonstrated how the high-density goht bricks could be cut and fitted into the struc-

ture around the pilot's feet without blocking the pilot's vision through the nose win-

dow. The $35-per-ounce price for gohl at the time was still cheaper than the labor

costs would be for balancing the vehicle by redesigning the structure in the aft por-

tion of the M2-F2 and moving equipment forward.

The little group of NASA and Northrop engineers sat around a table, equally des-

perate to solve this problem. By the time this problem arose, the two teams of engi-

neers had coalesced into one. Everyone focused on solving the problem, not pointing

fingers at others' mistakes. Thinking aloud, I suggested that if we could actually put

something useful in the nose, rather than simply adding ballast, we might salvage our

pride as designers. Immediately, another engineer suggested we put some extra struc-

ture around the pilot to give him added protection in case of a crash. As a group, we

jumped on that idea, with no debate or dissent, and within thirty minutes we had

solved the problem by changing the design, replacing the 50G cockpit with a nearly

300G cockpit that had a very heavy steel frame around the pilot. As it turns out, the

decision to add the protective cage-like structure around the pilot helped to save pilot
Bruce Peterson's life when the M2-F2 crashed two years later. Only the cockpit

remained intact in that horrendous accident that left the rest of the aircraft looking

like a crumpled beer can at a Hell's Angels' party.

In similar ways, we approached and solved other engineering problems as they

arose. Time used for casting blame and engaging in agonizing debates over proposed
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solutionssimplyleavesthatmuchlesstime for designing and building. Furthermore,

the NASA engineers mainly considered themselves to be support and backup for the

Northrop team working at the Hawthorne plant. For example, rather than asking the

Northrop team to come to Edwards AFB for meetings or for looking at hardware, we

would hold the meetings or take the hardware to Hawthorne, minimizing loss in time.

Things were going so smoothly, unlike typical aerospace projects, that something

just had to happen--and it did.

NASA Langley Modifies the HL-10

After the contract had been signed by Northrop and the Flight Research Center,

NASA Langley continued wind-tunnel tests on the HL-10 and discovered that the

trimmed subsonic lift-to-drag ratio was only slightly more than 3, considerably below

Langley's established goal of 4. Furthermore, negative directional stability showed up

at low supersonic speeds and at some angles of attack.

To fix these problems, Langley initially considered adding an ejectable tip-fin

scheme, only to discard the idea, finding it unacceptable to be ejecting tip fins during

the final phase of a mission. Then, working from wind-tunnel test results, Langley

engineers changed the tip-fin shape, developing a configuration that increased area,

toe-in angle, and roll-out angle. They also added simple two-position flaps to the trail-

ing edge of the tip fins and upper elevon to vary the base area. Closing ttlese flaps

would also minimize the subsonic base drag. This modification brought the maximum

lift-to-drag ratio to nearly 3.4, still short of the target 4.0. However, it improved the

directional stability.
On 3 February 1965, nearly 10 months into the 19-month contract with Northrop,

Langley presented its proposed HL-10 modification at a meeting heht at the Flight
Research Center. Attending the meeting were several of the top Langley engineers--

including Eugene Love, Robert Rainey, and Jack Paulson--as well as NASA

Headquarters' Fred DeMerritte, chief of the Iifting-body program for the Office of
Advanced Research and Technology, through whom we received our funding for the

follow-on lifting-body program. The proposal was to add six more control surfaces to

the HL-10. These would be two-position surfaces consisting of elevator flaps, located

on the upper surface of the elevon, and outboard tip-fin flaps.
The result was a required design change and modification to the contractual

agreement with Northrop. The modification was done as required, but it was done
minus the wholehearted support of NASA and Northrop program managers and engi-

neers. However, later in the HL-10 program, the required change came to be seen as

an excellent decision. The modification simplified the flight-control design. It also

allowed the pilot to move during flight from subsonic to supersonic speeds simply by

throwing a switch, requiring less trim change in the pilot's control-stick position.

The pilot couh| now easily convert the HL-10 from a "shuttlecock" to a Iow-drag

subsonic configuration.
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Includedin themodificationwasanenlargementof thecenterandtip finsthat
improvedtrimandstabilityattransonicandsupersonicspeedsandincreasedthelift-
to-dragratioin theapproachtolanding.At subsonicspeedsand(luringlanding,the
two-positionflapsontheupperelevonsurface,splitrudder,andtip finsretractedfor
maximumboat-tailing(minimumbasearea)ontheaftportionofthevehicle.Athigh
subsonic,transonic,andsupersonicspeeds,themovableflapsdeflectedoutwardly,
minimizingflowseparationatcontrolsurfaceareas.

M2-F2 Roll-Out

The modification to the HL-10 meant that the M2-F2 was the first to be finished,

rolling out of Northrop's Hawthorne plant on 15 June 1965. The next day, it was

trucked over the mountains north of Los Angeles to Edwards AFB. At its unveiling,

the M2-F2 lacked the LR-11 rocket engine, but we planned to fly it first as a glider,

then modify it for powered flight.

Made of aluminum, the M2-F2 weighed 4,630 pounds, was 22 feet long, and had

a span of 9.4 feet. Its retractable landing gear used high-pressure nitrogen to extend

the landing gear just before touchdown. Tile boosted hydraulic control system was

pressurized by electric pumps running off a bank of nickel-silver batteries. A Stability

Augmentation System (SAS) in all three axes helped the control system in damping

out undesirable vehicle motions. For instant lift to overcome drag momentarily during

the prelanding flare, the pilot could use the vehicle's four throttleable hydrogen-per-

oxide rockets, rated at 400 pounds each. The M2-F2 also had a zero-zero seat, a mod-

ification by Weber of the one used in the F-106 Delta Dart.

We put the M2-F2 next to the M2-F1 for a family photograph. Except for being

identical in size, there were few similarities. The M2-F2 lacked the M2-FI's "elephant

ears," had an extended boat-tail and forward canopy, and would eventually weigh 10
times as much as the M2-F1.

M2-F2 Wind-Tunnel Tests

Soon after the first heavyweight lifting body arrived at the NASA Flight Research

Center, more team members were assigned to the M2-F2, including operations engi-

neer Meryl DeGeer, crew chief Bill LePage, and assistant crew chief Jay L. King. In
helping to ready the M2-F2 for flight testing and research, Bill Clifton did tile

instrumentation engineering and John M. Bruno, A1 Grieshaber, and Bob Veith
installed the flight research instrumentation.

Since full-scale testing of the M2-F1 had worked out well, the NASA Ames wind-

tunnel team suggested that we measure the M2-F2's aerodynamic characteristics at

landing speeds in the 40-by-80 wind tunnel. DeGeer and LePage agreed, wanting to

test under wind-tunnel conditions the vehicle's control system, landing-gear deploy-

ment, and emergency ram-air turbine that would provide hydraulic power for operat-
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ing thecontrolsif thebatterydrivingthepumpsfailedin flight.By August1965,
100hoursof wind-tunneltestswouldbecompletedontheM2-F2withinaperiodof
twoweeks.

InlateJuly,theM2-F2wasloadedonatruckforitstripnorthtotheNASAAmes
ResearchCenter,stirringupmemoriesformanyofusofthesimilartrektwoyearsear-
lierwiththeM2-F1.Thistime,however,thewind-tunneltestingwouldbemorecom-
plex than that doneon the "flying bathtub."Severalchangesreplacednearly
everythingdoneby thepersonwhohadsatin thecockpitthroughouttheM2-FI's
tests--aswellasmuchof thehand-plottingof testdata--allowingthewind-tunnel
testsontheM2-F2tomovealongmorerapidly.

Hosesranfromanaircrafthydraulicpowercarttothevehicleatopthepedestal,
poweringits controlsystem.Pilotlinkagesfromthecockpitto thehydraulicservos
werereplacedwithminiatureelectricscrewjack actuators.Toggleswitchesin the
wind-tunnel'scontrolroomactivatedtheseactuatorsthat,in turn, controlledthe
hydraulicactuatorsmovingthecontrolsurfacestovarioussettings.

Wealsomadeuseof theflightinstrumentationonboardtheM2-F2,parkingone
ofourmobileground-receivingstationsoutsidethewindtunnelandhard-wiringit to

the vehicle's instrumentation. In this way, sensors inside the aircraft allowed air

speed, angle of attack and sideslip, and control positions to be recorded along with
data from the wind tunnel's measuring system. With all this help replacing what had

earlier been done only by human hand during the M2-FI's tests, Bertha Ryan could

assume sole responsibility for assimilating all wind-tunnel data on the M2-F2.
Nevertheless, there still remained a lot of data-plotting that had to be done by hand.

We began with testing the operational systems, which required a person in the

cockpit to operate the landing-gear deployment handle and the ram-air turbine unit.
DeGeer volunteered and climbed into the cockpit. However, the vehicle's canopy had

been covered with paper to protect it from scratches during the tests, and DeGeer

began to get claustrophobic right away. LePage opened a peephole in the paper so
DeGeer could see outside.

After the wind tunnel was brought up to speed, it began to get hot in the cockpit,

seemingly due to all the bright lights used to illuminate the vehicle. Trying to cool the
interior of the cockpit, DeGeer opened the ram-air doors. Of course, the air coming

into the cockpit was even hotter, the tunnel actually heating the air. Despite his dis-

comfort, DeGeer deployed the landing gear and the ram-air turbine. Both systems
worked well, and we could move along to the aerodynamic testing that didn't require

literally having a warm body in the cockpit. Afterwards, DeGeer said he had gained

great appreciation from his own experience for what Dick Ehtredge must have
endured two years earlier, sitting in the cockpit of the M2-F1 in the wind tunnel for

eight hours.
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Wind-Tunnel Tests of M2-F2, HL-10, and B-52 Models

Because of the potential for either heavyweight lifting body to collide with the B-

52 motherplane immediately following launch, we conducted another set of wind-tun-

nel tests in 1965, this time at NASA I,angley, using models of the B-52 bomber and

the M2-F2 and HL-10 lifting bodies. During these tests, the airflow around the lifting
body hanging in launch position was deflected upstream by the B-52's nose as well as

(near and just above the lifting body) by the B-52's wing. This indicated that angular

flow could cause the lifting body to roll and pitch immediately following hook release

from the B-52. Since this could occur in a mere fraction of a second, the pilot would

not be able to react fast enough to avoid a roll-off and possible vertical-fin contact with

the B-52's launch pylon. In some cases, the automatic and gyro-driven rate damper

might be able to react that quickly, the controls preset before launch to counter any

unwanted motions after launch, but it was just as likely to be too slow to keep the lift-

ing body from making contact with the B-52.

Launch studies by Wen Painter and Berwin Kock found that the M2-F2's vertical

fins would make contact with the B-52's pylon used in launching the X-15.

Consequently, the adapter used for launching the M2-F2 from the pylon was modified

to lower the lifting body. In the wind tunnel, the lifting-body model was positioned

a! different points below the B-52 as well as in launch position, with forces and

moments measured on the M2-F2 then used to calculate the vehicle's flight path and

attitude as it fell away from the B-52. Similar wind-tunnel tests much earlier on a

model of the X-15 had also succeeded in predicting the motions of the X-15 after
launch from the B-52. Our tests used the same B-52 model that had been used in the

X-15 wind-tunnel tests.

Years later, Jerry Gentry, one of only four pilots to fly the M2-F2, recalled how he

and others downplayed the fear that still existed after the wind-tunnel tests that the

lifting body might fly back up into the B-52 after it separated from the pylon. "There

was no question which way you were going when the B-52 dropped you," he said.

"One guy used to say that if they dropped a brick out of the B-52 at the same time [he]

released, [he]'d beat the brick to the ground. ''5

Moving Toward Flight

After we trucked the M2-F2 back to Edwards AFB, we began preparing for its first

glide tests. Our staff expanded to meet these needs. Added to assist DeGeer were

Norm DeMar, who acted as lead systems engineer, and Northrop's Jim Crosby, systems

electrical engineer for the yet-to-be-installed rocket engine. The crew under the direc-

5. Wilkinson, "Legacyof the LiftingBody,"p. 55.
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Cornell T33A, equipped with a comptster control system to simulate predicted flying quulities of the M2-F2.

This aircraft was later outfitted with drag devices to simuhlte the steep glide slope of the M2-F2. (NASA

photo EC87 126-7)

tion of crew chief LePage and assistant crew chief King grew to include mechanics

Chet Bergner and Orion Billeter, electrician and electronic: technician Millard I.

Lockwood, and inspectors Bill Link and John E. Reeves. For seven months, Jack

Cates, Mil Lockwood, and Wen Painter worked on the problems remaining in the

Stability Augmentation System, resolving them by May 1966.

As with the M2-F1, Milt Thompson was selected by Bikle and Chief of Flight

Operations Joe Vensel to pilot the M2-F2 in its first glide test. A list of five more future

pilots for the M2-F2 was also drawn up, including NASA pilots Bruce Peterson, Bill

Dana, and Fred Haise as well as Air Force pilots Donald Sorlie and Jerry Gentry. As

the "angry" qualities of the M2-F2 revealed themselves later in actual flight, only

three of these pilots--Peterson, Sorlie, and Gentry--would, in addition to Thompson,

actually get to fly the M2-F2.
As part of the pilot preparation for the first flights of the M2-F2, Ken Iliff and

Larry Taylor designed a flight experiment, using a highly modified and variable-sta-

bility Lockheed T-33A jet trainer from the Cornell Aeronautical Laborator3_ of Buffalo,

New York, to simulate the flight characteristics of the M2-F2. When the petal-shaped

surfaces called "drag petals" that had been installed on the T-33A's wing-tip tanks

were extended in flight, the aircraft's lift-to-drag ratio varied from its usual 12-14 to

as low as 2, approximating the lift-to-drag ratio of the M2-F2. The T-33A was part of

a cooperative pilot training and aircraft simulation program that the NASA Flight

Research Center had launched earlier with Cornell, the T-33A used initially to simu-

83



ONTOHEAVYWEIGHTS

1.0

.6

Rudder/aileron
interconnecl

ratio
.4

O 8 - 4 0 _4 8 12 16 20 24 28 32

Angle of attack, dog
970832

Graph showing predicted M2-F2 lateral control boundaries. The pilot had to reset the rudder/aileron-inter-

connect control wheel in the cockpit as the angle of attack changed in order to avoid loss of lateral control.

late the low lift-to-drag ratio characteristic of the X-15 during re-entry. The T-33A was

used at the Flight Research Center for in-flight simulation of the M2-F2 in the winter

and spring of 1965, with Cornell's test pilot Robert Harper and then Thompson,

Peterson, and Haise executing typical lifting-body approaches in the T-33A.

The analytical team consisting of Iliff, Bertha Ryan, Harriet Smith, and others was

concerned with the results of this flight experiment as pinpointing a potential lateral

control problem in the M2-F2, although the pilots felt they could live with the prob-

lena after flying the T-33. In any event, they were well aware, before the actual M2-F2

flights began in July 1966, that lateral control of the craft would require considerable

attention and technique on their parts. Iliff suggested delaying the flight tests until a

center fin or a control scheme with a lead-lag compensator could provide a suitable fix

to the lateral control problem. However, Mih Thompson, with backing from the Ames

wind tunnel team, believed the problem could be solved with proper control rigging

and pilot technique.

I then went along with Thompson and the Ames team, but it bothered me that Iliff

in particular was not happy with the approach. We had Northrop install a small wheel

in the left side of the cockpit so the pilot couht adjust the rudder aileron interconnect

in flight. Thompson continued to express confidence that the pilots could rely on their

skills to adjust the rudder aileron interconnect ratio manually in flight.

The interconnect ratio had to be high to roll the M2-F2, due to its extremely high

dihedral at high angles of attack as well as adverse yaw of the differential upper flaps

(elevons). At low angles of attack and high speed, however, using too much rudder for

roll control would result in a pilot-induced oscillation. If the pilot did not set the inter-

connect wheel properly to match flight conditions, he could have serious problems

controlling the vehicle in roll. Indeed, we were asking a lot from the M2-F2 pilots.
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Littledidweknowthenthatin theM2-F2wehadcreatedamonsterreadytobitethe
firsttimeatestpilotbecamedistracted.

Weweren'tinarushtomakethefirstglideflight,preferringtobeabsolutelysure
thateverythingwasin order.Wedid sevencaptiveflightswithMiltThompsonsitting
in theM2-F2attachedtotheB-52'sX-I 5pylon.Operationalanomaliesturnedupon
eachofthecaptiveflightsthathadtobecorrectedontheflightthatfollowed.Thecap-
tiveflightsturnedoutto beexcellentrehearsalsforeveryoneinvolvedin thecontrol
room,ontheramp,in theB-52,and,ofcourse,in tile cockpitoftheM2-F2.
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CHAPTER 5

ANGRY MACHINES

By 1966, the Air Force was considering developing its own lifting-body configu-

ration to add to the program. To gain experience in engineering and flight planning

useful later in developing and testing its own lifting body, the Air Force participated

in the M2-F2 project. Heading up the Air Force's lifting-body effort was program man-

ager Robert G. "Bob" Hoey, who had extensive experience with the X-15 and exper-

imental flight testing. Air Force Captain John Durrett assisted with general

engineering. In January 1970, after the X-! 5 program ended, program engineer

Johnny Armstrong joined the Air Force's lifting-body team. Although the team was

relatively young, it had considerable experience in experimental flight testing.

Hoey and Armstrong had worked together as Air Force flight-test engineers in the

highly successful X-15 program. Before he became NASA director at the Flight

Research Center in 1959, Paul Bikle had served as technical director h_r the Air

Force Flight Test Center at Edwards AFB. Hoey, who had been at Edwards approxi-

mately twelve years, had a good relationship with NASA management, including

Bikle. The success of the X-15 program made it easy for us at NASA to consider the

Air Force's lifting-body team as "the experts." Bertha Ryan worked closely with Hoey

and the rest of his team as the NASA stability and control engineer and aerodynami-
cist for the M2-F2. Excellent communication existed between the lifting-body teams,

with the Air Force offices only about a mile down the road from those of NASA.

Hoey and his team modified an X-15 simulator to use for training pilots and plan-

ning the first 15 flights of the M2-F2, while we at NASA were upgrading our own M2-
F2 simulator and changing computers. Hoey's team loaded its simulator with the

M2-F2 data from the wind-tunnel tests. Before the first flight of the M2-F2, Mih

Thompson spent many hours on the simulator, becoming well acquainted with the

vehicle's stability limits, including the boundaries for pilot-induced oscillation (PIO)
and roll-control reversal.

First Flight of the M2-F2

For its first glide flight on 12 July 1966, the M2-F2 was mated with tt_e B-52

mothership, carried aloft, then launched on a north heading at 45,000 feet. The launch

was very mild, Mih Thompson reported, with at nmst 28 degrees of right roll follow-

ing launch. The flight plan called for two 90-degree turns to the }eft with a landing to

the south on the lakebed's Runway 18. He made a simulated landing starting at

22,000 feet, coming level at 19,000 feet between the two 90-degree turns, firing the

peroxide rocket (luring the landing simulation with no noticeable changes in attitude

(orientation) with thrust.
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M2-F2 mated with B-52 to be carried aloft for lttunch. (NASA photo E65 13865)

Using the manual control to lower the interconnect ratio between the ailerons and

rudder to 0.4 on the pushover at altitude, Milt felt that the vehicle's roll response was

not great enough as he tried to begin the second 90-degree turn as planned at 16,000

feet and 190 knots. He increased the interconnect ratio to 0.6, in effect adding rud-

der as he began the final turn. During the turn's pushover, the M2-F2 developed an
unconlfortable lateral-directional oscillation.

Mih tried to turn the interconnect ratio down, but, as he later said, he turned it

the wrong way just as he was turning final. Rather than decreasing it, he had acci-

dentally increased it to 1.25. The oscillations increased to 90 degrees, the flight fihns

showing the vehicle swinging madly from side to side. The view through the wind-

shield inside the M2-F2, as captured on film by the camera behind Mih in the cock-

pit, showed a horizon rolling rapidly from vertical to vertical. Quickly realizing the
error, Milt reduced the interconnect ratio back to 0.4, which decreased rudder. He

took his hand off the control stick, and the oscillations damped out rapidly.

He reached a pre-ftare speed of 280 knots at 1,200 feet altitude. At flare comple-

tion, speed was 240 knots. Landing gear was deployed at 218 knots, accompanied by

mild pitch transient, or change in attitude. Mih landed the M2-F2, the vehicle touch-

ing down at the exact spot planned at 164 knots, then coasting 1.5 miles across the

lakebed. Lasting not quite four minutes, the first flight of the M2-F2 appeared to be

an unqualified success.
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Jay L. King, Joseph D. Huxman, and Orion B. Bille.ter assist Milt Thompson in boarding the M2-F2

attached to the B-52. (NASA photo EC66 1154)

During the debriefing afterwards, Milt apologized for nearly losing control of the
vehicle by moving the interconnect wheel the wrong way. Later, we found two errors

had been made in the simulator. First, by employing the Air Force's X-15 simulator

cockpit, we had used the existing X-15's speed brake handle instead of the M2-F2
pilot's interconnect wheel. Second, the interconnect control direction was the reverse

of the wheel in the actual aircraft. In short, Mih had been practicing with a simulator

that did not represent the M2-F2, a serious foul-up that both we and Bob Hoey's Air
Force simulator team found embarrassing. What might have been a disaster in the air

was averted by Mih's quick adaptability and knowledge of the lifting body's charac-

teristics. Realizing that the interconnect settings were incorrect, he took appropriate
if intuitive corrective action.

One more error--this time, a minor one--was made during the M2-F2's first
flight. Vic Horton had been onboard the B-52, his only task to turn on the 16ram cam-

era 10 seconds before launch to film the top of the M2-F2 as it fell away from the B-

52. He forgot to turn on the camera. After the crew briefing for the second M2-F2
flight, Wen Painter and Berwin Kock presented Horton with a "Launch Panel Camera

Switch Simulator." It was made out of a cardboard box and had a large lever marked
CAMERA ON/OFE As the crew laughed, Horton turned the lever to CAMERA ON.

A banana rolled out. The crew howled with laughter. Horton grabbed the banana and
threw it at Painter and Kock.
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Milt's Last Lifting-Body Flight

On 2 September 1966, Mih Thompson made his fifth flight on the M2-F2, his last

lifting-body flight, tte had decided to make a career change, moving into management

with the Flight Research Center. NASA lost a superb research pilot when Milt

Thompson retired from the cockpit, but we later reaped great benefit from his experi-

ence when he became chief of the research projects office at the Center in January

1967, responsible for all flight projects, including those of the X-15 and the lifting

bodies. Milt never spoke publicly in those days about why he made the career change.

Some surmised ttlat he might have felt he had used up his "nine lives" in the close

calls he had had as a pilot.

One of those close calls happened on 20 December 1962, about eight months

before he flew the M2-FI. He was flying an F-104 chase aircraft. As he prepared for

landing, he was lowering the flaps when the mechanical cross link between the right

and left flaps broke. The flaps were stuck, one up and one down, and the F-104 start-

ed rolling. Somehow Milt managed to maintain altitude while the aircraft made a

series of 360-degree rolls across the sky. He tried recycling the flaps and resetting the

circuit breakers during the rolls, but to no avail.

As the F-104 continued to roll, Milt managed to steer it over the bombing range

at Edwards AFB. Since the aircraft was only about 5,000 feet above the ground, Milt

made a carefully timed ejection when the cockpit was pointed upward. He floated

down in his parachute, landing safely on the bombing range.
The F-104 went down about two miles from where Milt had landed, the aircraft

digging a huge black hole in the ground upon impact. Milt gathered up his parachute

and walked half a mile along the edge of the bombing range to a road leading to the

rocket test site on Leuhman Ridge. He stuck out his thumb and hitched a ride in a

pickup truck that brought him back to the NASA building.

When he walked into the pilot's office, a full-scale search was already underway.

Helicopters were landing at the crash site. No one had seen Milt eject or spotted his

parachute descending. The assumption was that his body wouht be found in the

wreckage of the F-104. The mood changed from heavy sadness to surprised relief
when Mill walked into the office.

After he retired as a NASA pilot in 1966, Milt later made (to my knowledge) only

one public statement about his career change, anti he made it in his book, At the

Edge of@ace, published in 1992. There, he explains it was boredom, not fear, that

led to his career change, saying that he had made up his mind and even discussed the

career change with Bikle nearly two months earlier, heft)re he hegan flying the M2-F2

in July.

"I felt that the exciting programs were winding down," he wrote, "and I could

not see any new challenging programs coming up in the near future. I really enjoyed

the challenge of an X-15 flight or a lifting-body flight, but I was getting bored with
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YI2-F2 in landing flare, gear up, closely fi_llowed by an F-I04 chase airplane. (NASA photo EC66 1567)

p. 67

the routine proficiency flying that was required between research flights. When a

pilot gets bored with flying, it is time to quit. ''1

Gentry Fast Forwards

By 12 October 1966, the M2-F2 had been flown ten times--five by Mih

Thompson, two by NASA research pilot Bruce Peterson, and three by Air Force test

pilot Don Sorlie. Sorlie also got into a PIO problem on his first flight in the M2-F2, but
he had planned ahead of time what he would do if it happened, and he had sufficient

altitude to execute a full recovery. After two mine flights with no additional problems,

Sorlie gave the okay for Air Force research pilot Jerry Gentry to fly the M2-F2.

Gentry's first flight in the M2-F2 on 12 October went smoothly according to flight

plan from B-52 launch to just before touchdown. Then, the unexpected happened. At

about 100 feet above the ground, mere seconds before touchdown, Gentry reached for

the landing gear handle--and couldn't leach it. _qlat happened next was the result of

quick thinking. Within no more than five or six seconds, he loosened the shoulder har-

ness, leaned forward, pulled the handle, tightened the shoulder harness, and contin-

ued with the landing.

1. Thompson, At the Edge of Space, p. 276.
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Forasecondtime,theM2-F2wassavedfromdisasterbythequickthinkingand
skillofthepilot.NorthrophaddesignedthecockpitdimensionstoaccommodateMilt
ThompsonandBrucePeterson.Noconsiderationhadbeengivento theneedsof
smalleror shorterpilots,includingarmspan.A seconderrorwasafaultypreflight
checkoutprocedure,forGentry'sinabilitytoreachandpull thelandinggearhandle
whilesecuredin theshoulderharnessshouldhavebeendiscoveredthen,notseconds
beforetouchdown.

GentrybecametheAirForce'schieflifting-bodypilotontheM2-F2and,later,the
HL-IO.Withtheretirementof MihThompsonfromresearchflying,therewerenow
onlytwoofficial lifting-body pilots, Gentry for the Air Force and Bruce Peterson for

NASA. Before the first flight of the HL-IO in late December 1966, Peterson made two

unpowered flights in tile M2-F2. Between July and late December, four pilots--Milt

Thompson, Bruce Peterson, Don Sorlie, and Jerry Gentry had made a total of four-

teen flights in the M2-F2.

Air Force/NASA Simulators

When the HL-IO arrived from Northrop, it was trucked to NASA Ames for wind-

tunnel testing, as had been done with the M2-F2. The only difference was that data

handling was even more automated with the HL-IO than it had been with the M2-F2,

thanks to our and the wind-tunnel crew's greater experience and practice in testing

the earlier lifting bodies. The HL-IO project was also better staffed with NASA per-
sonnel than the M2-F2 had been, the average flight-test experience being three to six

years. However, while the M2-F2 team was made up of both NASA and Air Force

research or analytical engineers, the HL-10 project was essentially a solo in engi-

neering by NASA.
Bob Hoey wanted to maintain hands-on experience with the aerodynamics of the

M2-F2, even 'after we had developed our own M2-F2 simulator, so he decided to keep

the original M2-F2 simulation at the Air Force Flight Test Center. Later, the NASA

team at the Flight Test Center concentrated mainly on the simulation of the HL-10.

For a period of time, there were two M2-F2 simulators, one at the Air Force and

one at NASA. Even though both simulators used the same wind-tunnel data, the way

in which the data was processed and interpreted by the computers within the simula-
tors was different. Once a week, I compared the technical results from both simula-

tors. Generally, the simulators gave the same results. However, now and then, slight

differences would appear in the results, followed by lively discussions of which were

correct. I felt this was a healthy activity, especially when both simulations concluded

that the M2-F2 was safe to fly and when neither set of results required alteration in

the vehicle's control settings, stability augmentation system gains, or flight proce-

dures. Joe Well, my boss and head of NASA's researeh division, felt uneasy about the

lively discussions, seeing them as discord. He basically felt that if there was only one
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Robert G. (Bob) Hoey, Air Force lifting-body program manager. (Air Force photo, available as NASA photo

EC97 4.1183-5)

M2-F2 simulator, the Air Force and NASA lifting-body teams would work together

even more harmoniously.

New Lifting-Body Project Engineer

By 1966, I was finding my job as lifting-body project engineer more a job of man-

aging people and solving their problems than of directing a technical effort. Once

again, as I had in 1965, I found myself facing a career decision.

Over the years, I had worked with Garrison "Gary" Layton on several NASA pro-

grams. On our own time, we also had helped one another in our common hobby, flying
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experimentalradio-controlledmodelairplanes.AsI grewmoreconcernedathowfar
I wasgettingawayfromtechnicalengineeringandintomanagement,GaryLayton
mentionedthathewouldlike theopportunityto takeoverasthelifting-bodyproject
engineersothatI couldhavetheopportunitytogetbackto thetypeofworkI loved,
especiallydevelopingsomeideasI washavingforremotelycontrolledvehicles.

LaytonandI wenttoourbosses,PaulBikleandJoeWeil,togettheirapprovalfor
Laytontotakeoveraslifting-bodyprojectengineer.Oncethechangewasapprovedin
1967,I becameatonceinvolvedin acontinuingseriesofabout20unpilotedvehicle
programsat theFlightResearchCenteruntil myretirementfromNASAin 1985.
Theunpiloted,or remotelypiloted,vehicleprogramsappealedespeciallyto me

Bob Kempel, IIL-IO stability and controls engineer. (_N\4SA photo EC86 33445-1)
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becausetheywereeasyto keepsmallandinnovativeandtheyinvolvedconducting
experimentsofhigherrisk.

I havealwaysfelt thatmytalentwithpeopleis asacatalyst,apersonwhocan
helpgetindividualteammemberslaunchedcreativelyindifferentdirectionsofexplo-
ration,especiallywhentheventureis intonewandunchartedterritory.Mytalentsat
NASAseemedbestusedin smallprogramsof nomorethan10-15people,thelarger
programssoonbecomingcomplexmattersof managementandbureaucracybestleft
tothosewithtalentsin thoseareas.

NASA's HL- 10 Team

Operations engineer Herb Anderson headed the 13-member HL-10 hardware
team that included crew chief Charles W. Russell; mechanics Art Anderson, John W.

"Bill" Lovett, and William "Bill" Mersereau; aircraft electricians Dave Garcia and

Albert B. "Al" Harris; instrumentation engineer William D. Clifton; instrumentation

technician Richard 1_.Blair; operations systems engineers Andrew "Jack" Cates and

George Sitterle; and inspectors Bill Link and John Reeves. The HL-10 ll-member

analytical team consisted of aerodynamicist Georgene I.aub; systems engineers John

Edwards, Berwin Kock, and Wen Painter; stability and control engineers Robert W.

"Bob" Kempel and Larry Strutz; simulation engineers Don Bacon, Larry Caw, and

Lowell Greenfield; and two menlbers of the United States Army, Lieutenants Pat

Haney and Jerry Shimp.

Bob Kempel assumed the leading role in the analysis of the stability and control

characteristics of the HL-10, taking over the analytical role previously performed by

Ken Iliff and Larry Taylor. In developing the control laws, Kempel worked hand-in-

hand with the NASA Langley wind-tunnel team and the Northrop aircraft designers.

Kempel had watched the evolution of the M2-F2 configuration, and he was aware of

the vehicle's marginal lateral-directional control characteristics. He swore that he

would do everything he could to make the HL-IO the best flying lifting-body.

"We were the neophytes," Kempel recalled later of the tension surrounding the

first flight of the HL-10. The team preparing the HL-10 simulation had only three to

six years of experience. Still "untried and unproven," to use Kempel's words, the HL-

10 team wasn't really a full-fledged team yet. "We were a group of individuals work-

ing as individuals toward a common goal," Kempel said. "Our approach to completing

our tasks was not necessarily lacking in quality but, rather, lacking in experience. ''2

Pilots who "flew" the HL-10 real-time simulator found the vehicle's handling and

lift-to-drag ratio suspiciously good, compared to those of the M2-F2. Others--includ-

ing Paul Bikle, the Air Force's M2-F2 team, and NASA project manager John

2. Robert W. Kempel, Weneth D. Painter, and Milton O. Thompson, Developing ancI Flight Testing

the IIL-lO Lifting Body: ,4 Precursor to the Space Shuttle (Washington, DC: NASA Reference

Publication 1332, 1994), pp. 21-22. Since Kempel was the principal author of this paper, to avoid con-

voluted phraseology the narrative treals the words in it as his.
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McTigue--wereequallyskepticalof the HL-10's simulation results. However, the
simulator showed the HL-IO to be much more stable and generally much easier to

handle than the M2-F2, besides having a better lift-to-drag ratio.

"We always had a difficult time convincing the pilots that we really did know what

we were doing," Kempel said. "Before flight they remained skeptical. Our desire, of
course, was to have simulations somewhat pessimistic rather than the other way

around. We did not want to foster overconfidence."

It wasn't easy instilling even minimal confidence as "the new kids on the block,"

recalled Kempel. "Managers wouht pass us in the corridors and shake their heads."

The comment most often heard was, "It can't be that goodI ''3 The team's work con-

tinued, nevertheless, kept on track by GaD" Layton. Despite the team's lack of assur-

ance, all objectives were met in preparation for the first flight of the HL-10.

HL-IO's Maiden Flight

Shortly before Christmas, the HL-10 team convinced Paul Bikle and the rest of

NASA and Air Force management that it was ready for the first glide flight. Two cap-

tive flights of the HL-10 on the B-52 followed, allowing the team to practice going

through check lists and control-room procedure, as well as con'ect anomalies that

appeared in hardware or procedure.
On 21 December, the HL-10 was positioned beneath the B-52's right wing, lifted

into position, and attached. Preflight checks were completed. However, the flight was

aborted later that day due to an electrical tip-fin flap failure. Since only the subsonic

configuration wouht be flown initially and the flaps would not be moved outboard for

the first flight, the wiring was disconnected and stowed.

All preparations for the first free-flight of the HL-10 were completed early the

next day, 22 December. Strapped into the cockpit, project pilot Bruce Peterson com-

pleted the preflight checks. The canopy was lowered once all ground preparations had

been completed. The B-52 taxied to Edwards' main runway, Runway 4. The take-off

was smooth. The flight plan called for a launch point about three miles east of the east-

ern shore of Rogers Dry Lake, abeam of lakebed Runway 18, almost directly over the

Air Force's Rocket Propulsion Test Site (now known as the Phillips l,aboratory).

Launch heading was to be to the north with two left turns. The ground track looked

much like a typical left-hand pattern with the launch on the downwind leg, then a base

leg, a turn to final, and a final approach to landing on Runway 18.
At 10:30:50 a.m. PST, the HL-10 was launched from the B-52 at 45,000 feet and

at an airspeed of 195 miles per hour. Actual launch proved to be very similar to sim-

ulator predictions. Although airplane trim was much as expected, Peterson sensed

what he described as a high-frequency buffet in pitch and somewhat in roll, later

3. Ibid., p. 21.
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specifically identified as a "limit cycle"--that is, a rapidly increasing oscillation of a

control surface that occurs when the sensitivity (or "gain") of the automatic stabiliza-

tion system is too high. As speed increased, the limit cycles got noticeably worse.

During the first left turn, Peterson noticed that the sensitivity of the pitch stick was

excessively high. As the flight progressed, the limit cycles increased in amplitude,

and it became obvious that the longitudinal stick was excessively sensitive.

Throughout the flight, Peterson and systems engineer Wen Painter were in con-

stant communication through flight controller John Manke, making gain changes in
the vehicle's stability augmentation system (SAS). During the somewhat premature

landing, the SAS gains were set at the lowest rate possible without being shut off.

Pitch problems masked the difficuhies in the roll axis. Peterson initiated the landing

flare at approximately 370 miles per hour (mph) with touchdo_ at about 322 mph. or

about 35 mph faster than anticipated. The first flight of the HL-10 had lasted 189 sec-

onds-that is, three minutes and nine seconds from launch to touchdown--with an

HL-IO turning to line up with lakebed Runway 18. The main part of Edwards Air Force Base is at the top

qf the photo ttnd North Base is shown on the right. (NASA photo E69 21089)
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averagedescentrateofnearly14,000feetperminute.FollowingPainter'srequestsfor
adjustmentsin SASgains,Petersonhaddoneanexcellentjob of flyingandlanding
themarginallycontrollableHL-10.

Petersonremainedgreatlyconcernedaboutthepitchsensitivityandlimit cycles.
Tobeprecise,a limit cycleisaconditionin afeedbackcon.trolsystemthatproduces
theuncontrollableoscillationofacontrolsurfaceduetoclosed-loopphaselagthat,in
Iurn,resultsfromexcessivelagin thesystem(called"hysteresis"),accumulatedfree
playof mechanicallinkages,andpoweractuatornon-linearity.Theamplitudeof the
cycleincreaseswitheachaugmentationtoairspeedandsystemgainsetting.

Theparticularlimit cyclethatoccurredduringthefirstflightoftheHL-10wasa
2.75 Hz oscillation(0.4gpeak-to-peak)feedingthroughthe gyro-drivenSAS.
Primarilytheproblemwasin thepitchaxis,althoughit alsoaffectedtherollaxis.The
problemwasmoresevereduringthefinalthirdof theflight,despitethefactthatthe
SASgainhadbeenreducedfrom0.6to0.2deg/deg/sec.Afterwards,fortheentirefirst
HL-10flight,PetersongavethepitchaxisaCooper-Harperpilotratingof4, arating
indicatingthat deficiencieswarrantimprovementandarenotsatisfactorywithout
improvement.

TheflightprovedtobealargedisappointmentfortheHL-10team.It seemedto
confirmtheopinionof otherswhohadsaidthattheteamdidn'tknowwhatit was
doing.Theteam'smoralewasat lowebb,theflightresultsquitepoorin comparison
withtheexpectedresultsofpreflightsimulationandanalysis.

Aftertheholidays,as1967began,teammembersconcludedthatif theyfixedthe
sticksensitivityandloweredtheSASgains,theycouldprobablytry anotherflight.
Therewas,however,onelonedissenterin thegroup.Systemsengineer_n Painter
wasnotconvincedthattheteamcompletelyunderstoodall of theproblems.

Continuingtoanalyzetheresultsof thefirstflight,Painterarguedagainstanoth-
erattemptedflight,despitethefactthatBrucePetersonhadconvincedBiklethatthe
teamshouldtryagain.Theirconfidenceshakenby thefirsl flight'sresults,theteam
gavein to Painter.BiklebackedPainterfully,sayingthatif Painterdidn'tsignthe
ship'sbook--thatis, okaytheflight--therewouldbenoflight.FollowingPainter's
suggestion,theteaminitiatedanin-depthunifiedanalysisofthedatafromthefirst
flight.Verysubtlythiseffortwouldmoldthemovertimeintoa realteamof proven
experience.

Post-Flight Analysis

Two serious problems identified even before touchdown were substantiated in

post-flight analysis: large amplitude limit cycles in the pitch SAS and extreme sensi-

tivity in the longitudinal stick.

The problem with limit cycles apparently was caused by higher-than-predicted
elevon control effectiveness and feedback of a 2.75 Hz limit-cycle oscillation through
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theSAS.ThesolutioninvolvedusinglowerSASgainsandmodifyingthestructural
resonance22Hzmodelead-lagfiherthathadbeeninstalledbeforethefirstflight.The
modificationconsistedofa lead-lagnetworkin theSASelectronicsandanotchfilter,
a devicethatremovesa nuisancefrequencywhilehavingrelativelylittle effecton
lowerandhigherfrequencies.

Theproblemwithlongitudinalsticksensitivitywasrelativelysimpleto solve with

a basic gearing modification. On the first flight, the stick gearing of 6.9 deg/inch of

elevon proved to be much too sensitive. The nonlinear gearing used in flights 10-37

was approximately 3.5 deg/inch in the elevon range for landing---or about half of what

it had been during the first flight. This type of problem is easy to miss when all prepa-

rations for flight are made on a fixed-base engineering simulator, a "safe" environment

that is relatively relaxed for the pilots who know that if anything goes wrong, they can

simply reset the computers. Furthermore, the trim characteristics of a new aircraft are

not known precisely. Stick sensitivity, whether longitudinal or lateral, has always been

difficult to determine in fixed-base simulations. Pilots always want a very responsive
aircraft.

A third problem proved more elusive, not apparent to the pilot or test team dur-
ing the initial post-flight analysis: lack of longitudinal or lateral-directional control at

some portions of the flight. Pelerson had realized during the first flight thai something

wasn't right at high gains and consequently had flown a faster landing approach.

Understanding anti resolving this problem would require more thorough flight inves-

tigation anti the assistanee of NASA Langley, grounding the HL-10 for fifteen months.

In-Depth Flight Investigation

Wen Painter had insisted that even more analysis needed to be done to find out

why lateral control was good sometimes and ahnost totally lacking at other times, so

Bob Kempel launched an in-depth investigation. The assumption before the first flight

of the HL-IO, according to Kempel, had been that the simulation generated from

wind-tunnel test results, an analog computerized mathematical model of the HL-10,

was relatively accurate in representing the actual flight vehicle. The expectation, then,

was that if flight-recorded control inputs were fed into the computerized model, the

dynamics (or motions) of the simulator should be similar to those of the actual vehi-

cle--a technique used for years to validate aerodynamic data by actual flight data.

Ideally, the simulation matches the flight exac,tly; however, such perfection is rarely

realized. When the simulation amt flight data don't match, aerodynamic parameters

are adjusted to duplicate as closely as possible the flight motions. In this way, engi-

neers can then determine how wind-tunnel aerodynamics differ from flight and, per-

haps, even why they differ.

The first engineering task in the in-depth flight investigation involved selecting

twelve specific maneuvers from five to fifteen seconds in duration from the flight
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Wen Painter, HL-IO systems engineer who promoted the engineering investigation resulting in the ground-

ing (and aerodynamic fix) of the HL-IO for a 15-month period after its first flight. (NASA photo EC79
I1441)p. 71

results. Next, the engineers tried to match these maneuvers with those generated by
computer, a good match being one in which the computer solution overlays all para-

meters recorded during flight within the specified time interval and there is little dif-

ference between the flight maneuver and the computer generation. However, there

were no good matches and only seven found to be acceptable. The other five maneu-
vers were impossible to match by model. Kempel and the team determined that the

computer solutions didn't even remotely resemble the actual flight response of the

HL-IO. They concluded that they must not have been using an accurate mathemati-

cal model, leading them to examine once more the actual flight data.

We decided to play the entire flight-recorded data back through the ground sta-
tion, the team this time selecting parameters that would be grouped together. The team
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selectedthreefamiliesof specificdata--accelerations,angularratesnexttothecon-
trol inputs,andinformationfromcontrolsurfacestraingauges.Wethentracedout
thesegroupingsasafunctionoftime.Thenewapproachgavetheteamthecapabili-
tyoflookingateightchannelsofdataoneachstrip-chart.Whatwefoundwasquite
revealing.

Theinexperienceoftheteamhadshownin howit hadearlierarrangedthecon-
trol-roomstrip-chartsfortheinitial post-flightanalysis.Real-timedatahadn'tbeen
arrangedin thebestlogicalmannerforaccurateassessmentofdatafamilies.Withthe
datare-arranged,theteamfoundthat,althoughof differentparameters,eachof the
tracesgenerallymovedwiththeappropriateresponsesindicatingthevehicle'smotion.
However,duringcertainportionsoftheflight,someofthetraceswouldbecomeblur-
ry or fuzzy,especiallythecontrolsurfacestraingaugeswhenahigherfrequencydis-
turbanceoccurred.Whenthedatawaslineduponacommontimeinterval,manydata
tracesdisplayedsimilarphenomena.

A secondbutrelateddiscoverywasthattherehadbeentwosignificantintervals
whenBrucePetersonhadcommandedsignificantamountsofaileron,onlytohavethe
vehiclenotresponduntil theangleof attackwasreduced.Petersonwasdisturbed
enoughbythevehicle'sresponsetocontrolinputthatKempelandtheteamdecided
toinvestigateit further.Whattheyfoundwasthateachtimetheproblemoccurred,the
angleofattackwasabovetherangeof11to13degrees,andthatastheangleofattack
decreasedthroughthisrange,theaileronssuddenlybecameveryeffective,producing
significantamounts(30to45degreespersecond)ofroll angularrate.

Whentheteamcomputer-matchedthesetwotimeintervals,the initial partof
eachresponsewouldnotmatch.However,astheangleofattackwasreducedtothe
pointthattheaileronsbecameeffective,themathematicalmodelbegantomatchthe
flightdata.Butwhy?

AsKempelrecalls,"Webegantothinkthatamassiveflowseparationwaspossi-
bleovertheupperaftportionofthevehicleatthehigheranglesofattack,causingthe
controlsurfacestolosealargepercentageof theireffectiveness.... Thisflowsepa-
rationcanbelikenedtothesuddenlossoflift andincreasein dragofaconventional
wingasAOA[angleof attack]is increasedandthewingstalls.As theAOAwas
decreased,theairflowwouldsuddenlyreattachandthecontrolswouldbehavein their
normalfashion.Themorewe lookedat the data,themoreplausiblethis theory
seemed;althoughthewind-tunneldatadidnotindicatea problemtothedegreethat
wehadexperiencedin flight.Thedataalsoindicatedasignificantlossoflift-to-drag
ratioaboveMachnumbersof0.5andAOAof 12degrees.Thisfindingfurthercon-
vincedusthattheproblemwascausedbymassiveflowseparation."

At thispoint,Kempelandhisteamdecidedto sharetheirpreliminaryfindings
with the NASALangleyengineerssince,asKempelsaid,the HL-IOwas"their
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'baby.'" The Langley team agreed to do more wind-tunnel tests immediately, using the

0.063-scale, 16-inch-long HL-10 model. According to Kempel, the I_angley team's

decision seemed "highly unusual because, typically, wind-tunnel schedules are made

at least a year and, sometimes, [several] years in advance. ''4 As the Langley team

urged them to do, Kempel and his team packed their data and bags and traveled to

NASA Langley to work jointly on the situation.

Bob Kempel, Berwin Kock, Gary Layton, and Wen Painter of the Flight Research

Center gathered around a table with I.angley's Bill Kemp, Linwood (Wayne) McKinns,

Bob Taylor, and Tommy Toll in the building housing 1,angley's 7-by-10-foot high-

speed wind tunnel. Kempel and his team, after presenting their data, theorized that

the problem was caused by massive flow separation. Bob Taylor jumped up from his

chair, angrily slammed his mechanical pencil to the floor, and let loose with a string
of oaths. After he calmed down, Taylor said that he hail earlier thought that this would

be a problem. He had had a gut feeling that the flow separation seen by the l,angley
team on the wind-tunnel model would be worse in flight, and he was upset with him-

self for not following his instincts as an aerodynamicist and adding preventative mea-

sures to the HL-10 design before the vehicle was built.
The discussion then turned to what could be done now. The Langley team agreed

to give the problem its immediate attention, assuming responsibility for coming up
with a remedy. Kempel and his team left I,angley more aware than they had been ear-

lier of why they were having a lateral control problem in flying the HL-10. They agreed

that, until I,angley came up with a solution, the HL-10 would not be flown. While they

waited for word from Langley, they busied themselves with solving the problems they

had determined earlier (stick sensitivity and limit cycles), enlisting the help of

Northrop in designing the electronic notch filter for eliminating the limit-cycle mode

from feeding back through the flight control system.

HL-IO as "Hangar Queen"

The HI,-10 was a "hangar queen" for the next 15 months, grounded after its first

flight three days before Christmas 1966. During this time, flight safety began receiv-

ing more attention, to some extent due to the near crashes and temporary losses of con-
trol with the other lifting bodies. Adherence to flight schedules took a second priority

to flight safety, benefiting the ttL-IO program. Bob Kempel was given free license to
work without a time restraint in leading the effort to fix the vehicle's control problems.

Throughout the winter and spring of 1967, members of the NASA Langley team
continued to work on correcting the flow-separation problem, coordinating their efforts

with those of Kempel anti his team at the Flight Research Center. The Langley team

came up with two possible ways to fix the problem, both modifications concentrating

4. Ibid., p. 26, for quotations 2 and 3.
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onchangesto theoutboardverticalfins.Thefirst proposedmodificationinvolved
thickening and cambering the inside of the fins. The second proposed slightly extend-

ing and cambering the leading edges. Langley ran a full set of wind-tunnel tests on

both proposed modifications, sending the resulting data to Kempel and his team.

Although the Langley team members gave their assessment of the wind-tunnel results,

they left the decision of which modification to use up to Kempel and the team at the
Flight Research Center.

Kempel recalls that once he had the preliminary data from these wind-tunnel

tests, he initiated his own extensive evaluation of the data. "Preliminary data,"

Kempel clarifies, "was the wind-tunnel guys' way of telling us that they had worked

most of their magic in data reduction, but that they still were not going to say that this

was the last word. ''5 Kempel plotted all of the data from digital listings by hand.

Although engineers today use computer plotting routines to do what Kempel in 1967

had to do by hand, the approach made him and other team members intensely famil-

iar with the data, for the extensive process of hand-plotting meant they had to live with

the data day in and day out.

During the summer of 1967, Kempel plotted all of the data for both proposed mod-

ifications as a function of angle of attack for constant Mach numbers. He made all plot

scales uniform to ease comparisons, plotting thousands of points in this way. Once the

data was lined up and compared, Kempel found there were some subtle but signifi-

cant differences between the Langley wind-tunnel data and the data set generated by

the HL-10 simulator at the Flight Research Center.

As Kempel explains it, "Some non-linearities in the original data were not pre-
sent" in the Langley data. He hypothesized that "if these non-linearities indicated

flow separation, then the lack of these would indicate no flow separation or separation

to a lesser degree. ''6 Based on that theory, Kempel backed using the second modifi-

cation proposed by Langley. He presented his hypothesis to his boss, aerodynamicist

Hal Walker, and then to the management at the Flight Research Center. With their

agreement and the concurrence of the NASA Langley team, Kempel and his team
began making arrangements for the modification of the HL-10.

In the early autumn of 1967, Northrop Norair was contracted to design and install

the modification that would be the final configuration change to the HL-10. Northrop

and NASA decided that the modification would involve a fiberglass glove, backed by

a metal structure. Work on the glove continued through the autumn and winter of
1967.

As Kempel recalls, "In the NASA hangar, Northrop's Fred Erb shed his normal
working attire--a suit--and donned coveralls to assist in the installation of the fiber-

glass glove. He was a senior-level engineer with over 25 years with Northrop, rolling

5. Ibid., p. 27.
6. Ibid., pp. 27-28.
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. Separated flow 7 Attached flow -

Schematic showing HL-IO aerodynamic modification (original drawing by Dale Reed, digital version by

Dryden Graphics Office).

up his sleeves and getting his hands dirty. ''7 "A real engineer!", Kempel might
have added.

By the spring of 1968, the HL-10 was nearly ready to end its stay as a hangar

queen, with vehicle preparation then in its final stages. Changes in the configu-

ration, flight controls, and internal systems were already finished.

Gentry, Peterson, and the M2-F2

Meanwhile, following Jerry Gentry's flight on 14 November 1966, the M2-F2

was grounded five and a half months so that the LR-11 rocket-propulsion system

could be installed by the lifting body's team under the leadership of Meryl

DeGeer. Gentry made four glide tests in the M2-F2 by 2 May 1967, conducting

research maneuvers to define the vehicle's aerodynamic characteristics and

preparing for planned rocket-powered supersonic flights. Having flown the M2-F2
successfully several times, Gentry was by this time firmly established as an expe-

rienced lifling-body pilot, soon becoming the Air Force's most active pilot in the

joint NASA-Air Force lifting-body program.

7. Ibld., p. 28.
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A keymemberoftheM2-F2team,Gentrykneweachcrewmemberpersonal-
ly.Practicaljokesaboundedbetweenthem,andGentryneveroncelet anyonefor-
getthathe representedtheAir Forceon theproject.Duringhis earlyflights in
1966,hehadtoldthecrewthathehatedthezinc-chromateyellow-greencolorof
the insidesof the lifting bodies.Afterwards,duringoneofhis flights,his flight-
linecar,a 1954Ford,was"borrowed"longenoughto bepaintedentirelyin zinc-
chromateyellow-greenat theNASApaintshop.

In retaliation,GentryandhisAir Forcecroniesslipedoverto NASAduring
oneearlymorningto pastealargeAir ForcesignonthesideoftheHL-10,which
originallyhad no markingsindicatingAir Forceinvolvementin the program.
WhentheNASAcrewmembersarrivedandsawtheAir Forcesign,theyprompt-
ly removedit. Later,theyhadthelastword,decoratingGentry'syellow-greenFord
bypastinglarge"flowerpower"decalsall overit, thedecalsthenpopularlyinuse
mainlybytheera's"flowerchildren."

By thewinterandspringof 1966-1967,thetwoofficial lifting-bodypilots--
theAir Force'sJerryGentryandNASA'sBrucePeterson--weredoingalternate
flightsin the lifting bodies.SincePetersonhadflowntheHL-10for its maiden
flighton22December1966,it wasGentry'sturntofly theM2-F2on2 May1967
for itsfirst flightwiththerocketsysteminstalled.Onthisglideflight,his fifth in
theM2-F2,Gentryreportedthattheweightincreasefromtheinstalledrocketsys-
temhadnotchangedthevehicle'scontrolcharacteristics.However,healsocon-
firmedwhatMilt ThompsonandBrucePetersonhadreportedon their previous
flights: that if the M2-F2is not flownproperly,lossof roll controlcanoccur
quickly.

In Septemberof 1966,duringthesymposiumoftheSocietyof Experimental
TestPilots,BrucePetersonhadgivena detaileddescriptionoftheM2-F2'slater-
al controlcharacteristics.Maneuverability"wasnotappreciablyaffected"asyaw
and roll dampergainswerereducedto zeroduring the first 180 degreesof
approachon thefifth flight, hesaid.However,he felt at thetimethat "abrupt
aileronor rudderinputscouldreadilyinduceDutchroll oscillations";andthese
"could becontinuousand couldseriouslyhamperthepilot in holdinga bank
angle."His strategywasto"nudge"theM2-F2tothedesiredbankanglebyusing
smalllateralcontrolinputs.

"Acceptablelateralcontrolisachievedonlybymeansofaileron-rudderinter-
connectsincetheadverseyawdueto aileronat mostflight conditionsresultsin
roll reversal,"hesaid.
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"Theoptimuminterconnectratiovarieswithangleof attack
• . . anddynamicpressure.Consequently,unlessthepilot is
willing to changeinterconnectcontinuouslythroughoutthe
flight, roll effectivenessvariesfromsluggishto extremely
sensitive,borderingona pilot-inducedoscillation.Evenat
theoptimuminterconnectratio,theresponseto lateralcon-
trol input is not smoothregardlessof magnitudeor rateof
input.Thisis duetotheinitial rollingmomentproducedby
therudderthroughtheinterconnect,whichis theoppositeof
thedesiredroll direction.Vehicleresponsetolateralcontrol
inputis alwayssomewhatof a surpriseto thepilot in terms
oflagandresultantinitial rate.''8

Crash of the M2-F2

On 10 May 1967, eight days after Gentry's glide flight, it was Bruce Peterson's

turn for a glide flight in the M2-F2 with the rocket system installed. It had been

eight months since Peterson's last six-minute glide flight in the lifting body, and
this would be his third M2-F2 flight.

All went well during the beginning of Peterson's flight on 10 May. He

launched away from the B-52 at 44,000 feet, heading to the north, flying east of

Rogers Dry Lake, and descended at a steep angle to 7,000 feet. Then, as he flew

with a very low angle of attack, the M2-F2 began a Dutch roll motion, rolling from

side to side at over 200 degrees per second. Peterson increased the angle of attack

by raising the nose. The oscillations stopped, but now the M2-F2 was pointed

away from its intended flight path. Realizing that he was too low to reach the

planned landing site on lakebed Runway 18, Peterson was rapidly sinking toward
a section of the lakebed that lacked the visual runway reference markings need-

ed to accurately estimate height above the lakebed.

At this moment, a rescue helicopter suddenly appeared in front of the M2-F2,

distracting Peterson who was still stunned and disoriented from the earlier Dutch

roll motions. He radioed, "Get that chopper out of the way." A few seconds later,

he radioed, "That chopper's going to get me." NASA pilot John Manke, flying

8. Quotations in two paragraphs above from Bruce Peterson's comments in Milton O. Thompson,

Bruce A. Peterson, and Jerauht R. Gentry, "I.ifting Body Flight Test Program," Society of Experimental

Test Pilots, Technieal Review (September 1966): 4-5.
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M2-F2 after the crash, showing how the cockpit was hehl abot,e the ground by the rollot,er structure. Bruce

Peterson's helmet is in the foreground. (NASA photo E67 16731)

chase in an F-5D, assured Peterson that he was now clear of the helicopter, which

had chugged off out of Peterson's flight path. 9

Trying to buy time to complete the flare, Peterson fired the landing rockets.

The M2-F2 flared nicely. He lowered the landing gear, only one-and-a-half sec-

onds being needed for the M2-F2's gear to go from up and locked to down and

locked. But time had run out. The sudden appearance of the helicopter likely had

distracted Peterson enough that he began lowering the landing gear half a second
too late.

Before the gear locked, while it was still half-deployed, the M2-F2 hit the

lakebed. The weight of the vehicle pushed against the pneumatic actuators, and

tile landing gear was pushed back up into the vehicle. The round shape of the

vehicle's bottom did not lend itself to landing minus landing gear. The result was

more like a log rolling than a slide-out on a flat bottom. (By contrast, the shape

of the HL-10 likely wouhl have lent itself readily to a gear-up landing, had one

been required. Langley engineers had even given serious thought to eliminating

the HL-10's landing gear for spacecraft recovery.)

9. Quotations from Hallion, On the Frontier, p. 159; Wilkinson, "Legacy of the l.ifting Body," pp.

57-60, but Dale Reed was watching the whole episode on a TV monil¢_r from the control room, as poinl-

ed out below in the narrative, so he heard the comments first hand.
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As the M2-F2contactedtheground,thevehicle'stelemetryantennaewere
shearedoff. As this happened,I and the otherengineersin the controlroom
watchedtheneedlesoninstrumentationmetersflick to null. Startled,welooked
upat thevideomonitorin timeto seetheM2-F2,as if in a horriblenightmare,
flipping endoverendon thelakebedat over250 milesperhour.It flippedsix
times,bouncing80 feetin theair,beforecomingtorestonits flat back,minusits
canopy,maingear,andrightverticalfin. TheM2-F2sustainedsomuchdamage
thatonewouldhavebeenhardpressedtoidentifyit visuallyasthesamevehicle.

Byall odds,Petersoncouldhavebeenexpectedtohavediedin thecrash.He
wasseriouslyinjured.AssistantcrewchiefJayKing quicklycrawledunderthe
M2-F2to shutoff thehydraulicandelectricalsystem.He foundPetersontrying
to removehis helmet.King unstrappedhimandhelpedhim outof thevehicle.
Petersonwas rushedto the basehospitalat Edwardsfor emergencycare.
Afterwards,hewastransferredfirst to thehospitalat MarchAir ForceBasenear
Riverside,California,andlater,to UCLA'sUniversityHospitalin LosAngeles.

Theheavymetalcage-likestructurearoundthecockpit--ironically,addedto
theM2-F2by its NASA/Northropdesignerssimplyto provideballastandsave
theirpride--wasmainlywhatsavedPeterson'slife. Evenwiththisaddedprotec-
tion,hisoxygenmaskwasrippedoff ashisheadmadecontactwith thelakebed.
Eachtimethevehiclerolled,astreamofhigh-velocitylakebedclayhammeredat
Peterson'sface.He suffereda fracturedskull, severefacial injuries,a broken
hand,andseriousdamageto his righteye.Heunderwentrestorativesurgeryon
hisfaceduringtheensuingmonths;however,helaterlostthevisionin theinjured
eyefroma staphylococcusinfection.

HereturnedtotheNASAFlightResearchCenterasaprojectengineeronthe
CV-990,F-8 DigitalFly-By-Wire,andF-8 SupercriticalWing.Hecontinuedto
fly in a limitedwayontheCV-990andF-Ill andeventuallybecametheDirector
of Safety,Reliability,andQualityAssurance.Healsocontinuedtofly asaMarine
reservist.Later,heleft NASAto serveasa safetyofficeratNorthropin theflight
testsof theB-2bomberandotheraircraft.

Abouttwoyearsafterthecrashof theM2-F2,thepopulartelevisionseries
The Six-Million-Dollar Man began its six years of weekly programming, using

NASA ground-video footage of the crash as a lead-in to each episode. The pro-
ducers of the television series capitalized on Peterson's misfortune by inventing a

"bionic man" (played by Lee Majors) who had missing body parts replaced with
bionic devices. Colonel Steve Austin, the fictional television character played by

Majors, had, like Peterson, also lost an eye in the crash.

As can happen only in Hollywood, the fictional Austin gained a bionic eye

with super powers. The television show also multiplied the injuries of Austin

beyond those suffered in real life by Peterson, giving him two bionic legs and a
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bionicarmthat providedhimwith superpowerandspeed.Nevertheless,NASA
pilot BrucePetersonis the real-lifemodelon whichThe Six-Million-Dollar
Man is based. Due to the popularity of this television series, it's possible that as

many Americans viewed the crash of the M2-F2 on television as later viewed the

first televised NASA shuttle landings.

The crash of the M2-F2 was the only serious accident that occurred during the

twelve-and-a-half years of flight-testing eight different lifting bodies. 1° Because

of the popularity of the television program The Six-Million-Dollar Man, most

people are more familiar with the solitary serious accident that occurred during

the lifting-body program than they are with its extensive record of otherwise acci-
dent-free success.

10. These were the M2-F1, M2-F2, M2-F3, HL-10, HL-IO modified, X-24A, X-24B, and the
Hyper III.
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CHAPTER 6

BACK TO THE DRAWING BOARD

The crash of the M2-F2 left us with no lifting bodies to fly for almost a year. When

the M2-F2 crashed in early May 1967, the HL-10 had been a hangar queen for over

four months, and it would remain grounded for another eleven months while its aero-

dynamic problems were fixed before its second flight. Bikle had grounded the M2-F1

permanently, the "flying bathtub" that had launched the lifting-body effort four years

earlier now destined to be a museum artifact. Another lifting body was in the works,

the Air Force Flight Dynamic Laboratory at Wright-Patterson Air Force Base having

a contract with the Martin Aircraft Company of Middle River, Maryland, for designing

and building a piloted lifting body originally designated the SV-5P and later known as

the X-24A. However, it would be another two years before it was ready to fly.

Despite the setbacks in lifting-body flight testing, competition continued to

flourish between the flight-test teams of the NASA/Air Force M2-F2 and the NASA
HL-10. With the Air Force and three different NASA sites--Ames on the M2-F2 and

Langley on the HL-IO, each in conjunction with tile Flight Research Center--active-

ly involved on the M2-F2 and in flight operations for the HL-IO, the dynamic energy

of their interaction could have been destroyed within the muhiple organizational

channels through which it had to travel. It was amazing to watch these teams cut

across NASA and Air Force channels and remain unified, their first allegiance being

to their shared lifting-body project.

Rebirth of the M2-F2

The crashed M2-F2 was pathetic-looking, nearly no skin panels without dents or

damage. Rather than scrapping tile M2-F2, John McTigue had the vehicle sent to

Northrop's plant in Hawthorne, California, where Northrop technicians put the bat-

tered vehicle in a jig to check alignment, having removed the external skin and por-

tions of the secondary structure, and then removed and tested all systems and parts,

an inspection process that took the next two months. Many parts such as valves and

tanks were tested at the Flight Research Center's rocket shop. Meanwhile, the M2-F2

team tackled the difficult problem of fixing the vehicle's control problems. Over the

next 60 days, the NASA Ames team members, led by Jack Bronson, gave high

priority to wind-tunnel tests for finding that solution. Using a make-shift model of

the M2-F2, they tried five different approaches to fixing the problem with elevon

adverse yaw.
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First,theytriedcantingtheelevonhingelinessothatsideforcedirectlyonthe
elevonswouldgivefavorableyawintoaturn.Thisapproachfailed,becausetherewere
still morepressureeffectsontheverticalfinsthatoffsetanyfavorablepressureonthe
elevons.

Second,they tried an extra horizontal surface with two elevons attached between

the right and left vertical tail tips, putting favorable pressures on the vertical tails that

would reverse the yawing moments. This approach was abandoned due to its com-

plexity and its structural problems.
Third, they tried converting the elevons to a bi-plane arrangement with standoffs

supporting a second horizontal surface above each elevon so that the original elevons
and standoff surface would move as a control unit. This approach was abandoned

because it did not produce the favorable pressure gradients they had hoped it would.

Fourth, they tried extending the elevons aft of the body, away from the vertical

fins. This approach succeeded in eliminating about half of the adverse yawing
moments, although it also became apparent that pressure gradients were being affect-

ed upstream near the vertical tails from elevon deflection.

Finally, they tried installing a center fin that would act as a splitter-plate between

the right and left elevons, producing side forces that would counter those of the outer

vertical fins. For example, following a right roll command by the pilot, the original

M2-F2's right elevon trailing edge moved upward. The pressure field on the upper

right side of the body would increase due to this deflection, pushing down on the right

side of the body. This increased pressure would also push on the inner side of the right

vertical tail, pushing the tail to the right and the nose to the left, resulting in adverse

yaw. With the center fin installed on the M2-F2, however, this pressure would also

push against the right side of the center fin, opposing the adverse yaw effects from the

pressure pushing to the right against the right vertical tail and, as a result, canceling

the moments of adverse yaw.
Jack Bronson's team at NASA Ames ran wind-tunnel tests on center fins of vari-

ous sizes. As expected, the larger ones produced more proverse (favorable) yaw than

did smaller ones. Meryl DeGeer, the M2-F2 operations engineer at the Flight

Research Center, was asked to provide a clearance drawing of the largest vertical fin

that would fit under the B-52 pylon. As it turned out, the M2-F2/B-52 adapter could
not be used if a center fin were installed on the M2-F2, for it had a large beam run-

ning down the center. However, DeGeer and the Northrop designers decided that the

HL-IO adapter--with a slight modification---could be used for both vehicles since it
had been built to accommodate the center fin on the HL-IO. NASA Ames tested the

fin shown in DeGeer's drawing, and it worked. The fin not only neutralized the adverse

yaw effects but it also produced a small amount of proverse yaw beyond what was

needed to cancel adverse yaw.

A conference called by Gary Layton was held at the NASA Flight Research

Center, attended by team members from both NASA Ames and the Flight Research
Center as well as the Air Force. Due to the wind-tunnel test results, the center fin was

unanimously accepted by the attending team members as the way to fix the control
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problemsontheM2-F2.TheNASAAmesteamthengatheredamorecompletesetof
dataonthenewconfiguration.Theteamat theFlightResearchCenteranalyzedthe
AmesdatathatshowedtheeIevonstohaveasmallamountofproverseyaw,modified
theM2-F2simulator,andcalculatednewroot-locuscharacteristics.

BobKempelremembersmakingsomeroot-locuscalculationsontheoldandthe
newM2-F2configurationsatthattime.Hefoundthedifferenceincontrollabilitytobe
asextremeasthatbetweennightandday.Thenewconfigurationwiththecenterfin
hadgoodrollcontrolcharacteristicswithnotendenciesforproblemsin pilot-induced
oscillation(PIO).AlthoughKempelwasofficiallyontheHL-10teamatthetime,he
hadavestedinterestin theM2-F2fromhavingdonesomeanalysisonit earlyin its
development.Neverhappywiththelateralcontrol-systemdesignontheoriginalM2-
F2,hehadalignedhimselfwiththeHL-10,whichheoriginallyconsideredthebetter
ofthetwoheavyweightliftingbodies.WiththecenterfinaddedtotheM2-F2,Kempel
agreedthatthevehiclecouldbecomeagoodflyingmachine.

As theirmainmathematicaltoolsin analyzingall motionsmadeby anaircraft
duringflight,stabilityandcontrolengineerssuchasBobKempeluseLaPlacetrans-
forms,differentialequations,andlinearalgebra.Wingedaircraftnormallyhavesuch
typicalmotionsasroll,spiral,andDutchrollmodes.Liftingbodies,ontheotherhand,
canhaveauniquemotioncalleda coupledroll-spiralmode,whichKempeldocu-
mentedontheM2-F2in September1971in aNASAreportentitled,"Analysisofa
CoupIedRoll-Spiral-Mode,Pilot-InducedOscillationExperiencedWiththeM2-F2
LiftingBody.''1 Kempel explains that the oscillatory coupled roll-spiral mode results

from a combination of non-oscillatory roll and spiral modes. When poor roll controls

such as the M2-F2 elevons are used, PIO problems result.

The control problems in piloting a lifting body are somewhat like the control prob-

lems experienced by a lumberjack in maintaining his balance during the sport of log-

roiling, something I know a little bit about from growing up near the logging industry

in Idaho. A log is similar to a lifting body in that both are very slippery in a roll, nei-

ther having anything like wings that work to resist the rolling motion in water, for the

log, or in air currents, for the lifting body. A lumberjack wearing spiked boots has a

pair of good controls on the log he's rolling. With constant attention, he can use his

spiked boots to control the log's motion. Were the lumberjack wearing instead a pair

of ordinary slick-soled shoes, however, he'd have only a pair of poor controls to use.

Even with constant attention, he'll eventually lose control of the log he's rolling and,

when a wave (analogous to a side gust on a lifting body with poor controls) hits the log,
he's going to get very wet.

By 1967, we had flown two lifting-body configurations and were about to fly a

third, the M2-F3, the rebuilt M2-F2 with the added center fin. The log-roller analogy

1. R. W. Kempel, "Analysisof a Coupled Roll-Spiral-Mode,Pilot-Induced Oscillation Experienced
With the M2-F2 LiftingBody" (Washington,DC:NASATechnical Note D-6496, 1971).
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M2-F1 M2-F2 M2-F3

Schematic showing the M2-FI, M2-F2 and the M2-F3 (original drawing by Dale Reed, digital version by

Dryden Graphics Office).

applies as well to the differences among the M2-F1, the M2-F2, and the M2-F3. The

M2-F1 had the large "elephant ears", the external elevons, that provided good roll

control, similar to the lumberjack wearing the spiked boots. The "elephant ears" also
served as flat surfaces that slow down, or damp, rolling motions, similar to what would

happen if the lumberjack nailed a board to the log. When we went from the M2-F1 to
the M2-F2 configuration, we essentially deprived the lumberjack of his spiked boots

and removed the board from the log, depriving him of the means for good roll control

and damping. When we converted the M2-F2 to the M2-F3 configuration with the cen-

ter fin, we essentially gave back to the lumberjack his pair of spiked boots, equipping

him with the means for good roll control. However, our lumberjack would still have a

slick log with no way to slow down (damp) the rolling motions minus the board nailed

to the log. What the board nailed to the log prmqdes the lumberjack, a stability aug-

mentation system (SAS) on a lifting body provides the pilot, both helping to damp

oscillations and other quick movements.

Birth of the M2-F3

Northrop was enthusiastic about wanting to rebuild the M2-F2 into the M2-F3,

strengthening the resolve of the NASA teams to seek approval from NASA Headquar-
ters for continuing the M2 program. NASA Headquarters was reluctant about autho-

rizing more M2 fligtlt tests, but project manager John McTigue was not one to give up

easily. Eventually his tenacity succeeded in getting NASA's Office of Advanced

Research and Technology to authorize Northrop in March 1968 to continue its
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"inspection"ofthewreckedliftingbody.TheNorthropteamthathadbuihtheM2-F2
wasstill intact,soontobetransferredontootherNorthropprojects,sothiswasthelast

opportunity we had to have the vehicle rebuilt at low-cost, using the best possible

Northrop team for the job.

The lifting-body program was also fortunate to have the help of Fred DeMerritte

to keep the effort going at NASA Headquarters. DeMerritte and McTigue had an

unwritten agreement that they would proceed quietly at a steady pace until the

M2-F3 was ready to fly. McTigue had Bikle to back him up at the Flight Research

Center, but DeMerritte was on his own at NASA Headquarters. There was no official

authorization for conducting an M2-F3 flight program; however, DeMerritte managed

to find a way to continue sending money in incremental amounts to John McTigue to

keep the "inspection" going until official approval was obtained.

Just how tense the situation was around DeMerrilte at NASA Headquarters in

regards to the M2-F2/M2-F3 project is suggested by a conversation that Meryl DeGeer

recalls having with DeMerritte on a visit the latter made to the Flight Research Center.

DeMen'itte privately asked DeGeer how things were going on the project. DeGeer

said that everything was going fine but that if DeMerritte would give them some more

money, they could have the M2-F3 ready to fly all the sooner. DeMerritte asked
DeGeer not to push him, for then he'd be forced to say no to the project. It was near-

ly ten months later--on 28 January 1969--that NASA Headquarters officially

announced that the Agency would repair and modify the M2-F2, returning the vehi-

cle to service as the M2-F3, a process that took three years and cost nearly $700,000.

Since there wasn't enough money to contract out all of the work, most of the

installation of systems was done by the "Skunk Works" at the Flight Research Center,

similar to what had been clone with the M2-F1. However, McTigue was able to retain

from Northrop five engineers and nearly a dozen technicians to work with the Flight
Research Center in fabricating the M2-F3 from the remains of the M2-F2.

Northrop's Fred Erb coordinated the Northrop technical effort while Meryl

DeGeer, as NASA's M2-F3 operations engineer, headed up the rebuilding project at

the Flight Research Center. Special design problems and parts that had to be manu-

factured at the Northrop facility were handled through Erb. To keep costs down, as

much of the rebuilding as possible was done in the FRC shops. Working from

Northrop drawings, LaVern Kelly and Jerry Reedy built new vertical tails for the M2-

F3 in the FRC sheet-metal shop, two sheet-metal workers from Northrop at times

assisting the shop technicians. The FRC machine shop remanufactured broken parts,

including the landing gear. Rocket, fuel-system, and plumbing parts were built in the

Center's rocket shop. The FRC aircraft electrical shop put together and installed the

vehicle's wiring bundles and electrical systems, Besides the new central fin, a num-

ber of internal improvements and other additions were made to the M2-F3. For exam-

ple, heavy components were moved farther forward, avoiding the need for nose ballast,

and small changes in the cockpit area improved visibility and access to the controls.

For a cleaner installation, we also rotated the LR-11 rocket engine 90-degrees.
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NASAhopedthatthe newhydrogen-peroxidejet-reactionroll-controlsystem
installedontheM2-F3mightbeusedaswellonfuturelifting-bodyspacecraftsothe
pilotcouldrelyonasinglecontrolsystemfromorbittolanding,ratherthanthemul-
tiplicity of systemsusedonsuchaircraftastheX-15.NASAplannedto usethe
M2-F3asatestbedforresearchonthelateralcontrolproblemsofliftingbodies.If we
couldeliminatetheelevonsandrudders,replacingthemwithreactionrocketcontrols,
wewouldneedonlyoneflaponthebottomofthevehicleforlongitudinaltrim.

AccordingtoAir ForcepilotJerryGentry,thetransformationoftheM2-F2into
theM2-F3changed"somethingI reallydidnotenjoyflyingatall intosomethingthat
wasquitepleasantto fly.,,2

HL-IO Returns to Flight

Meanwhile, after fifteen and a half months of wind-tunnel tests, simulation, con-

trol-system analysis, and modification of the outer tail fins, the HL-10 was returned to

flight. Jerry Gentry flew the HL-10 for the second time on 15 March 1968, launched
from 45,000 feet at Mach 0.65. From B-52 launch to touchdown, total flight time was

approximately 4.4 minutes.
"I think the whole Center came out to watch this flight," recalls Joe Wilson.

"People were standing on the roof, by the planes [on the ramp, and at the edge of the]

lakebed. I haven't seen so many observers for a first flight since I've been here. The

day was almost absolutely clear and you could see the contrails of the B-52 and [the]

chase [planes]... two F-104s, one T-38 and the F5D. On [the] drop, everything was

O.K., and for a short time you could follow the contrails. The contrails began to pop

in and out [of sight], and then were gone from view. ''3

The flight plan called for mild pitch and roll maneuvers to 15-degrees angle of

attack to evaluate the possibility of control degradation of the sort experienced during

the first flight. To assess potential flare characteristics, Gentry executed a simulated

landing flare to 2G at altitude.

A camera had been installed on the tip of the vertical fin to provide in-flight

photographs of the right inboard tip-fin flap and right elevon. These surfaces had been

"tufted" so that a qualitative assessment of the aerodynamic flow field could be made

from the photographs. "Tufting" involves taping the ends of short pieces of wool yarn,

called "'tufts," on suspected problem surfaces of an aircraft for assessing the quality

of airflow. If the flow is attached, the tufts lie flat in the direction of the flow across the

surface. If the flow is separated, the tufts dance and flutter randomly. Generally, the

conclusions following the flight were that the airflow did not separate significantly and

2. The quotationalso appears in Wilkinson, "Legacyof the LiftingBody,"p. 61.
3. Personal diary of NASAFlight Research Center employeeRonald "Joe" Wilson,entry"for March

15, 1968, copy available in the DrydenFlight Research Center HistoryOffice.
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consequentlythattherehadbeennodegradationofcontrol.(Whentheairflowover
controlsurfacesseparatessignificantly,thecontrolis degradedbecauseit operates
aerodynamically.)However,someover-sensitivityin pitchcontrolwasobserved.

In thedebriefingroomfollowingtheflight,Gentrysaidthevehiclefelt solid.It
hadnoproblemsin rollsensitivity.It hadgoodlongitudinalstability.Healsosaidthat,
onturningtofinalapproach,flare,andlanding,theHL-10wasbetterthantheF-104.
Hereportedthathehadputthegeardownsomewhereafter250knotsandhadfelta
sharpjolt asthenosegeartoucheddown.

BobKempel,WenPainter,andtherestoftheteamwereasproudaspeacocksfol-
lowingthesecondflightoftheHL-10.Whensomeoneaskedhimwhatkindof prob-
lemshadoccurredontheflight,Kempelsaidtherehadbeennoproblemsatall,that
theflightwasacompletesuccessfromeveryone'spointofview.Thesensitivityofthe
longitudinalstick,notedduringtheflight,wasconsideredacceptable.

ThedynamicsoftheHL-10in flightprovedtobeasgoodashadbeenindicated
bythesimulator.Afterthesecondflight,Kempelsaid,theHL-10attractedtheatten-
tionofthepilots."Fromthispointon,allthepilotswantedtheirshotatflyingtheHL-
10."4

After pilots establish confidence in a new aircraft and have a little more time to

evaluate things, they often change their opinions. The situation was no different with

the HL-10. Although no major modifications were required, minor adjustments con-
tinued to be made to the HL-10 throughout the remainder of the program. The HL-10

had 35 more successful flights, piloted by NASA's Bill Dana and John Manke and the

Air Force's Jerry Gentry and Pete Hoag.

F-104 Used in Pilot Training

During 1968, pilots were becoming very dependent on the ground-based simula-

tor for developing flight procedures and becoming as familiar as possible with the

flight characteristics of the lifting bodies. Actual flight experience in the lifting bod-

ies could not be relied upon to provide adequate pilot training because the typical

flights were short--five to six minutes for glides, 10 to 15 minutes for rocket flights--

and weeks or even months separated flights. Furthermore, for the lifting-body pilots,

the first launch off the B-52 hooks was like being thrown into deep water for the first

time: you either swim or sink.

In 1957-58, a young research pilot at the Flight Research Center by the name of

Neil Armstrong--who, as a NASA astronaut, would later become the first human

being to walk on the moon--had conducted a series of flights tests on the NASA

F-104 designed to simulate low lift-to-drag-ratio flight experience. The technique

4. Kempel, Painter, and Thompson, "Developing and Flight Testing the HL-10," p. 29.
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involvedlandinganF-104"dirty,"withpoweroffandwithflaps,landinggear,and
speedbrakesextended.5 Thepilotsfoundit excitingtoflytheF-104thisway,butthey
hadtobecarefultoavoidlosingcontrolof theaircraft.Thepilots'choicelateronin
preparingforlowlift-dragflightandlaterforflyingchaseonlifting-bodyflightswas
clearlytheF-104,areliableaircraftthat had the pilots' full confidence.

The F-104, as it turned out, provided excellent training experience for pilots as

preparation for lifting-body flights. The aircraft's tligh-speed landing gear and large-

speed brakes could be used to duplicate lifting-body lift-to-drag characteristics. The

aspect ratio of the F-104 was only about 2.46 with a low-speed, clean configuration at

a maxinmm lift-to-drag ratio of approximately 5.7. With the engine at idle, gear and

flaps down, and modulation of speed brakes, the lift-to-drag ratio could be made to

simulate each of the lifting-body configurations. In this sort of power approach at 170

knots, the lift-to-drag ratio was approximately 2.9. Thus, the lift-to-drag-ratio

envelope of the F-104 essentially blanketed the lift-to-drag-ratio values of all of the

lifting bodies.

Chasing lifting bodies in the F-104, however, was not totally without risk, as expe-

rienced by NASA pilot Tom McMurtty. Chasing one lifting-body flight, McMurtry

inadvertently entered an uncontrolled spin. This was serious because the F-104 was

not known as an aircraft that could successfully recover from a spin.

The incident occurred at 35,000 feet and 210 knots airspeed with gear down, flaps

at takeoff, speed brakes out, and power at idle while McMurtry was maneuvering to

join up with the lifting body. Maneuvering into position, McMurtry rolled to 45

degrees of bank and sensed the aircraft starting to slice to the right while in heavy buf-

fet with the nose pitched up. The F-104 went into a spin. One of the other chase pilots,

Gary Krier, saw what was happening and radioed McMurtr_; calling for full forward

stick and full forward trim. The F-104 was in a flat uncontrolled spin directly over the

Edwards maintenance and modification hangar, rotating to the right at about 40 to 50

degrees per second.
The aircraft made four or five full turns before McMurtry stopped the rotation by

holding fidl left rudder, neutral aileron, and stick and pitch trim at full nose-down.

Recovery from the spin seemed very abrupt, completed at approximately 180 knots

and 18,000 feet. The engine did not flame out, and the only configuration change

made during the spin was the retraction of the speed brakes. McMurtry held the nose

down until the F-104 reaehed 300 knots and then pulled out at slightly over 4G, the

bottom of the pull-out occurring at 15,000 feet.

After the lifting body landed successfully, McMurtry joined the other chase

aircraft in the traditional fly-by. Later, during the post-flight debriefing, discussion of

5. Gene J. Matranga and Nell A. Armstrong, Approach and Landing Investigntion at Lift-Drag

Ratios of 2 to 4 Utilizing a Straight-Wing Fighter Airplane (Edwards, CA: NASA TM X-31, 1959).
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thelifting-bodymissionseemedalmosttrivialin comparisonwithMcMurtry'sdescrip-
tion of his experience in the F-104.

From Analog to Digital Computer Simulation

By the mid-1960s, flight simulation had become an essential part of flight

research at the Flight Research Center. 6 Even Paul Bikle, who had been somewhat

skeptical of the early simulation work with the M2-F1, was beginning to recognize the

importance of flight simulation in planning lifting-body flights. Over the three and

half years of flight-testing the HL-10, three NASA simulation engineersIDon Bacon,

Larry Caw, and Lowell Greenfield--were involved. Air Force Captains John Rampy

and John Retelle were later involved with the HL-10 simulator and stability
and control.

The HL-10 real-time simulator was primarily an engineering tool, not a pilot-

training simulator per se. The simulator was fixed-base--that is, it had no cockpit

motion. It had an instrument panel similar to that of the flight vehicle as well as a

pilot's control stick and rudder pedals closely approximating those of the actual air-

craft. No visual displays were available, all piloting tasks being accomplished by

using the instruments. The instrument panel included indicators showing airspeed,

altitude, angle of attack, normal acceleration, and control surface position. A three-

axis indicator provided vehicle attitude and sideslip information.

Both engineers and pilots used the simulation extensively. Engineers used the

simulator for final validation of control-system configuration. Control gearing selection

was always difficult with the fixed base. The pilots wanted high sensitivity until they

were airborne. Then, the simulation engineers had to decrease the gearing. Modern

motion simulators of today have moving cockpits and give high fidelity to control gear-
ing selection.

The simulation was used later to plan each research flight mission, specifying

maneuvers and determining flight profiles including Mach numbers, altitudes, angles

of attack, and ground track needed for mission objectives to be achieved. Emergency

procedures were also practiced on the simulator, inducing various failure modes and

selecting alternate landing sites. The pilots were relatively willing subjects once they

knew they would be flying the actual mission, and the training paid large dividends.

From this information, flight cards were assembled and distributed at crew briefings

to all involved personnel, including chase and B-52 pilots, the mission controller, par-

ticipating flight-research engineers, and NASA and Air Force managers. Coordination
was critical to the success of each mission.

The pilots were unanimous in reporting that, once in flight, the events of the mis-
sion always seemed to progress more rapidly than they had in the simulator. As a

6. See Thompson, �It the Edge of Space, pp. 70-71.
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result,engineersandpilotsexperimentedwithspeedingup thesimulation'sintegra-
tionrates,ormakingtheapparenttimeprogressfaster.Theyfoundthattheeventsin
actualflightseemedtooccurataboutthesamerateastheyhadin thesimulatoronce
thatsimulationtimewasadjustedsothat40simulatorsecondswasequaltoabout60
"real"seconds.Onlythefinalsimulationplanningsessionsforagivenflightwerecon-
ductedin thisway.In hisbook,At the Edge of Space, Mih Thompson discussed how
this difference between simulator seconds and seconds as perceived by pilots in actu-

al flight was first discovered during the X-15 program, the first aircraft research pro-

gram that made extensive use of simulation in flight planning and pilot training, and

resolved by Jack Kolf who originated the concept of fast-time simulation, compress-

ing simulator time to approximate time as it appeared in actual flight. 7
The first simulation of the HL-IO was done with the Pace 231R analog computers

then in use at the Flight Research Center. The real capability of the analog computer

was its ability to integrate differential equations. Because the equations of motion for

the lifting bodies were differential equations--as are all equations of motion for aero-

space vehicles--the simulation engineers mechanized them on available analog com-

puters. During the early to mid-1960s, digital computers were primarily used for data

reduction, not for real-time simulation. Analog computers were fast, having no prob-

lems with cycle time. However, they left much to be desired when it came to mecha-

nizing highly nonlinear functions common to aerodynamic data. Simulation engineers
at the Flight Research Center could generate these nonlinear functions on analog

computers--but only with great difficulty, patience, perseverance, and a lot of time.

With the aerodynamic data for the modified HL-10, the simulation engineers
wanted to mechanize the highest fidelity simulation possible, so they purchased a rel-

atively high-speed digital computer to generate the nonlinear functions. They inter-

faced the digital and analog computers, using the analog system for the integrations,
and moved into the world of hybrid computerization. This approach proved quite suc-

cessful, allowing them to make fast, efficient changes to the aerodynamic database

when they were needed.
Although the program engineers were not aware of it, the simulation engineers--

Don Bacon, Larry Caw, and Lowell Greenfield---decided to experiment with moving

all of the mathematical computations, including the integrations, to the digital com-

puter. Afterwards, they gave a demonstration of an all-digital, real-time computer sim-

ulation. Program engineers Bob Kempel and Wen Painter couldn't tell the difference.

Neither could the pilots Bill Dana, Jerry Gentry, Pete Hoag, and John Manke.

The HL-10 program thus achieved another milestone, having successfully made

the transition from simulation by analog computer to real-time simulation by digital

computer. Today, analog computers have nearly gone the way of the dinosaur. At the

Dryden Flight Research Center since the mid-1970s, virtually all flight simulation has

been done by using high-speed digital computers.

7. Ibid.
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Brown-Bagged Panic: Crashing the Simulator

After the second flight of the HL-10 in March 1968, Jerry Gentry and John Manke

alternated as pilots of the vehicle during eight more glide flights in subsonic

configuration before the HL-10 was fitted with the rocket engine for supersonic flight

in transonic configuration. The aerodynamics became quite different in the transonic,

or "shuttlecock," configuration with the rudders moved outboard and the elevon flaps

moved upward. Now that the flight envelope of the HL-10 was expanding to super-

sonic speeds at higher altitudes, everyone on the project was a little edgy, including
the pilots.

A diligent research pilot, John Manke didn't believe in wasting time when it came

to practicing on the simulator for upcoming flights. One day, to practice for his first

supersonic flight with the HL-10, he showed up during the lunch hour, bringing his

bagged lunch with him. No program engineers were still in the room, and Manke was

left alone with the simulator once the simulation engineer left for lunch after loading

a data set into the simulator. However, inadvertently, the simulation engineer had

loaded the wrong data set--a demonstration set, not used for flight planning, that had
directional stability set at zero.

Manke began simulated flight, unaware of the error. Achieving planned altitude

for acceleration to supersonic speed, Manke pushed the nose over, toward zero angle

of attack, and the vehicle became violently unstable in the lateral direction. The
result? Manke "crashed" in the simulator.

To a simulation engineer, "crashing" in simulated flight may seem no big deal, for

the engineer may be primarily conscious of the fact that simulated flight is not real

flight, but to a pilot who uses a simulator as a pre-stage to actual flight, "crashing" in
the simulator can be a major big deal. With no program engineers around at the time,

Manke expressed his concerns at once to NASA management.

As a result, project engineers Bob Kempel, Berwin Kock, Gary Layton, and Wen

Painter quickly found themselves in the "Bikle barrel," Bikle's wood-paneled execu-

tive office, trying to explain to Paul Bikle, Joe Weil, and several other members of the

NASA management why they were trying to kill a perfectly good test pilot--a guy all

the project engineers liked very much, even if he was from South Dakota.

Kempel recalls feeling a long way from the office's door as a means of escape from

this very uncomfortable meeting, a formidable barrier of high-level managers stand-

ing between it and the HL-10 project engineers. Once the feeding frenzy had abated,

it occurred to the project engineers that the wrong data set must have being used. They
explained the problem and followed up with a demonstration in the simulation lab,

showing that with the correct flight data set loaded into the simulator, no dynamic

instability occurred.
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From Rocket Power to Supersonic

On 23 October 1968, Jerry Gentry attempted the first lifting-body powered flight

in the HL-10. Unfortunately, the rocket failed shortly after launch. Propellant was jet-

tisoned, and an emergency landing was made successfully on Rosamond Dr), Lake
located about 10 miles southwest of Rogers Dry Lake within the boundary of Edwards

Air Force Base. A few weeks later, on 13 November, John Manke successfully flew the

HL-10 for the first time in powered flight.

Five months later, on 17 April 1969, Jerry Gentry flew the X-24A for its first

flight. After the B-52 had launched Gentry in the X-24A that day, it was mated with
the HL-10 and then launched John Manke in the HL-10 for that vehicle's fifteenth

flight. For the first and only time in lifting-body history, two flights in two different
vehicles were launched the same day from one mothership.

It's traditional, following a maiden flight, to douse the pilot. After Gentry's first

flight that day in the X-24A, during the party at the Edwards Officers' Club, someone

decided the swimming pool could be used for Gentry's dousing. However, no one had

noticed the pool was nearly empty. Fortunately, Gentry survived his shallow immer-

sion with only a few cracked front teeth.
A few weeks later, on a beautiful spring day in the Mojave Desert, John Manke

made the worht's first supersonic lifting-body flight in the HL-10 on 9 May 1969. The

flight plan for the first supersonic flight of the HL-10 called for launching approxi-

mately 30 miles northeast of Edwards AFB, igniting of three rocket chambers, rotat-

ing to a 20-degree angle of attack, maintaining that angle of attack until the pitch

attitude was 40 degrees, and maintaining that pitch attitude until the vehicle reached

50,000 feet. At that altitude, according to the flight plan, Manke would push over to a

six-degree angle of attack and accelerate to Mach 1.08, afterwards changing angle of

attack, turning off one rocket chamber, and maintaining a constant Math number

while gathering data. Landing was planned as a typical 360-degree approach with a

landing on Runway 18.
Later, Manke reported that there had been no significant problems during the

flight and that generally everything had gone really well. Indeed, the actual flight went

almost entirely according to plan. On this historic seventeenth flight, the HL-IO actu-

ally rose to an altitude of 53,300 feet and achieved a speed of Mach 1.13, both slight-

ly above the planning figures.

Some special engineering events preceded the first supersonic lifting-body flight.

These included completely reviewing the wind-tunnel aerodynamic data and reassess-

ing the predicted dynamic and vehicle controllability characteristics in transonic and

supersonic flight regimes. Between Mach 0.9 and 1.0, the data indicated an area of

low, and even slightly negative, directional stability at angles of attack of 25.5 degrees
and above. Predictions and the simulator showed acceptable levels of longitudinal and

lateral-directional dynamic stability at all angles of attack and Mach speeds. The

engineering team also prepared a detailed technical briefing that was presented to the

NASA and Air Force management teams.
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TheHL-10,like all liftingbodies,hadveryhighlevelsofeffectivedihedral.This
characteristic--alongwithpositiveanglesof attackandacceptablelevelsof direc-
tionalstability--ensuredlateral-directionaldynamicstabilityahnosteverywherein
theflightenvelope.Beforetheflight,theHL-10teamdemonstratedto projectpilot
JohnMankethattheHL-10wouldexhibitthisdynamicstabilityevenif thestatic
directionalstabilitywaszeroorslightlynegative,providedthattheangleofattackdid
notapproachzero.

BobKempelrecallsthattheactualflightwasprobablynotasexcitingasthe
eventsleadingup toit. FromwhatKempelremembersoftheflight,it wasrelatively
uneventful--exceptforthefactofgoingsupersonic.Nevertheless,inhisbookOn the

Frontier, Richard Hallion calls this first supersonic flight "a major milestone in the

entire lifting-body program," adding that "the HL-10 [later] became the fastest and

highest-flying piloted lifting body ever buih. ''8

Faster and Higher

About nine months after Manke's first supersonic flight, during the 34th flight of

the HL-10 on 18 February 1970, Air Force pilot Major Pete Hoag bested Manke's

Mach 1.13, achieving Mach 1.86. Nine days later, on the 35th flight, NASA pilot Bill
Dana took the HL-10 to an altitude of 90,303 feet.

Hoag's Mach 1.86 in the HL-10 was, indeed, the fastest speed achieved in any of

the lifting bodies. From B-52 launch to touchdown, the flight lasted 6.3 minutes.

Except for the Mach number exceeding the preflight prediction, the flight was fairly
routine.

The HL-IO had been launched about 30 miles southwest of Edwards AFB, head-

ing 059 degrees magnetic, at 47,000 feet. According to flight plan, all four rocket

chambers were ignited immediately after launch. The vehicle was rotated to a 23-

degree angle of attack until a pitch attitude of 55 degrees was attained, that pitch atti-

tude held until the vehicle reached 58,000 feet, followed by a pushover to zero

G---angle of attack near zero--maintained until the fuel was exhausted. Predicted

preflight Mach speed had been 1.66 at 65,000 feet. However, Hoag achieved Mach

1.86 at 67,310 feet.

The fourth NASA research pilot to fly the HL-10, Bill Dana had flown the 199th

and last flight of the X-15 in late October 1968, six months later making his first HL-

10 glide flight on 25 April 1969. When he took the HL-10 to 90,303 feet on

27 February 1970, Dana not only flew the HL-IO higher than it had ever been flown

before, he also set the record for the highest altitude achieved by any lifting body.

From B-52 launch to touchdown, the flight lasted 6.9 minutes.

8. Hallion, On the Frontier, p. 162. See immediatelybelowin the narrativefor the details Hallion
is summarizinghere.
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Dana'sflighttomaximumaltitudewaslaunchedunderthesameinitialconditions
asHoag'sninedaysearlier,exceptthatlaunchwasexecuted2,000feetlower(45,000
feet)withpushover9,000feethigher(67,000feet)toa seven-degreeangleofattack
heldto Mach1.15.Speedbrakesweredeployedatthataltitudeandspeed,angleof
attackthenincreasingto 15degrees.Accordingtotheflightplan,maximumaltitude
wastohavebeenreachedatthispoint.WhatwasachievedwasMach1.314andan
altitudeof90,303feet.Therestoftheflightwasfairlyroutine,exceptthattouchdown
waschangedfromRunway18toRunway23toavoidhighcrosswinds.

HL-10: Lift and Drag

For success, any aerospace vehicle must have adequate controllability. The mod-

ified HL-10 had very good control characteristics. Equally important to the HL-10's

success in the lifting-body program was its ability to generate and control lift, plus

its relatively high lift-to-drag ratio in its subsonic configuration. As measured in

flight with the landing gear up, the HL-10's maximum lift-to-drag ratio was 3.6,

so its best subsonic glidepath angle was approximately -16 degrees (below the

horizontal reference).

The HL-IO and the M2-F2 can be compared in terms of their lift-to-drag charac-

teristics, for although the two lifting bodies had considerably different configurations,

their missions were similar. Maximum lift-to-drag ratio for the HL-10 was 14 percent

higher than for the M2-F2. Although both vehicles had similar lift-curve slopes, the
M2-F2 had a much lower angle of attack at a specific lift coefficient than the HL-IO.

Both vehicles initiated a 300-knot approach at a lift coefficient of approximately 0.15,

resulting in a flight path angle of about -25 degrees for the M2-F2 and about -16

degrees for the HL-10 and a landing approach at pitch attitude of about -25 degrees

(nose down) for the M2-F2 and about -8 degrees for the HL-IO. (The approach flight

path angle of commercial airliners in 1990, by comparison, was about -3 degrees.)

Never a problem for the lifting-body pilots, the steep approaches for landing

were always breath-taking to watch, especially the particularly steep descents of
the M2-F2.

At about Mach 0.6, the lift-to-drag ratio of the HL-10 in transonic configuration

was approximately 26 percent lower than it was in subsonic configuration. Since low-

ering the landing gear decreased the lift-to-drag ratio by about 25 percent, the com-

mon landing technique with the HL-10 involved flaring in the clean subsonic

configuration, then lowering the landing gear in the final moments of flight.

"Dive Bomber" Landing Approaches

After its modification, the HL-10 was often rated by the pilots who flew it as the

best flying lifting body in terms of turns and the "dive bomber" landing approaches

typical of the lifting bodies. On a rating scale of 1 to 10, with 1 being the highest rat-
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ing,theaverageof ratingsfor theHL-10wasa 2. Eachpilotwasaskedtoevaluate
variouspilotingtasksormaneuversduringeachof hisflights.Followingaflight,the
pilotthencompletedaquestionnaireinvolvingnumericalevaluationsaswellascom-
ments.Ofthe419numericalratingsgivenonflights,43percentwere2,with98per-
centof thepilotratingsbeing4 orbetter.Thebestpossiblerating,a 1,figuredon3
percentoftheratings,whiletheworstratingreceived,a6, showedupin only0.7per-
centofthem.

Followingthemodification,theHL-10presentednoseriousproblemsinpiloting.
Pilotsfoundit relativelyeasytofly,theHL-10landingsbeingnomoredifficultthan
makinga similarpower-offlandingapproachin anF-104.Tosome,thesteepand
unpoweredlandingapproachesseemedtobemeresport,adaringmaneuveroflittle
or noadvantage.Often,until theyhavebeenapprisedof thebenefits,spacecraft
designersandengineershavefailedto appreciatetheadvantagesof thesesteep,
unpoweredapproaches.Air ForcepilotJerryGentry,in fact,advocatedthis typeof
approachevenfor the F-104in normaloperations.Pilotsfoundthehigh-energy,
steep,unpoweredapproachto be saferandmoreaccuratethantherecommended
low-energyapproachfortheF-104becauseit allowedgentler,moregradualchanges
inaltitude.

WhatGentryandotherpilotsfoundtobetruein theHL-10andF-104hadbeen
knowntobetrueformanyyearsin termsofaccuracyin theolddivebombers,where
it wasgenerallyacceptedthatthesteeperthediveangle,thegreatertheaccuracy.The
approachtaskin theHL-10involvedpositioningthevehicleonaflightpathordive
angletointercepta preflareaimpointontheground,similartothetargetingtaskof
thedivebomber.Thedifficultyof theHL-10'staskwasminimizedbyusingarela-
tivelysteepapproachof-10to-25degrees.

Therewasneveraproblemin theHL-10ofbeingshortonenergy,becausethe
approachesgenerallywerebegunwellbeforethepeakofthelift-to-dragcurve---that
is, at highspeedsandrelativelylowanglesof attack.Energywasmodulatedwhile
arrivingonthedesiredflightpathbyslowing,accelerating,or remainingat thesame
speedandusingthespeedbrakesto makeneededchangesin theflightpath.Speed
brakesarecriticallyimportantonanyaircraftlandingwithpoweroff,forspeedbrakes
canbeusedmuchlike athrottletovarytheparametersofthelandingpattern.What
ismore,speedbrakesaddonlyminimalweighttothevehicleandrequirenofuel.The
smallemergencylandingrocketsinstalledontheHL-10wereusedonlyforexperi-
mentalpurposesandduringthefirstflightofthevehicle.Onall laterflights,thespeed
brakeswereconsistentlyused,instead.

Laterin the lifting-bodyprogram,manyspotlandingswereattemptedin the
HL-10becauseit wasgenerallybelievedthatunpoweredlandingsonaconventional
runwaywouldonedaybearequirement,asit iscurrentlywiththeSpaceShuttle.On
thosespotlandingattempts,theaveragemissdistancewaslessthan250feet.This
degreeof accuracyin landingis a benefitof the high-energy,steep,unpowered
approachtypicaloftheHL-10liftingbody.
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Higherspeedin thelandingapproachalsoprovidedbettercontrollabilityofthe
vehicle.Forexample,acontemporaryaircraftlandingapproachwithhighpowerand
lowspeedwasmuchmoredemandingonapilot.Duringthelow-speedapproachtoa
carrierdeck,theaircraftwasoperatingpastthepeakofthelift-to-drag-ratiocurve--
that is, at a relativelyhigh angleof attack--wherethe vehicle'sstability,
controllability,andhandlingqualitiesweredegradedandwhereenginefailurecouht
becatastrophic.

AlthoughthepilotsthoughthighlyoftheHL-10forits excellentcontrolin turns
andduringthesteeplandingapproaches,mostofthepilotsdidnotlike thevisibility
theyhadfrominsidethevehicle.Eventhoughthepilotwaslocatedfarforwardin the
HL-10,thecanopyhadnoconventionalcanopybulge.Whatismore,therailsatthe
lowestextentoftheplexiglasscanopywererelativelyhigh,providingasidewardfield-
of-viewdepressionangleofapproximately16degreestotherightandsomewhatless
ontheleft,duetothecanopydefrostduct.Pilotsill theHL-10weresuppliedroutinely
with a squirtbottleof waterto usein casetheflowfromthedefrostductwasn't
enoughto handlethe fogof condensationobstructingtheir viewduringcritical
momentsofflight.

Theplexiglassnosewindowprovidedexcellentforwardvisionfornavigationand
maneuveringfortouc,hdown.Unfortunately,thenosewindowwaslens-shapedand,
distortingdistancelike thewide-anglesideviewmirrorsontoday'scarsandtrucks,
gavethepilotstheimpressionthatthey were higher off the ground than they really

were. After one of his flights in the HL-10, John Manke reported that he had touched
down before he wanted to, due to the distorted view out the nose window. Some pilots

on their first flights in the HL-10 waited until they were critically close to the ground

before they extended the landing gear. Only the accumulation of actual flight experi-
ence in the HL-10 alleviated this problem for the pilots.

Mysterious Upsets and Turbulence Response

As one might imagine, all of the lifting bodies possessed some unique aerody-
namic characteristics. One of the most unusual is what is called "dihedral effect." On

conventional winged aircraft, the "dihedral" is the acute angle between the intersect-

ing planes of the wings, usually measured from a horizontal plane. The "dihedral

effect" is essentially the aerodynamic effect produced by wing dihedral that is relat-

ed to the tendency of a winged aircraft to fly "wings level." It is also the effect which

produces a rolling tendency proportional to the angle of sideslip (side gusts). Even

though lifting bodies don't have wings, they possess very large amounts of dihedral
effect, which means that a very large amount of rolling tendency is generated for small

amounts of sideslip, the primary reason why lifting bodies were flown with "feet on the

ftoor"--that is, with pilots deliberately keeping their feet off the rudder pedals.
Rudder would induce sideslip, and the lifting bodies would respond primarily

with rolls.
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Eachof thelifting bodiesexperiencedflight throughturbulencewhichcaused
pilotanxietyoutofproportiontotheinvolved"upsets,"oruncommandeddisturbances
of unknownorigin.Theseupsetsweresodifferentfromupsetsasexperiencedin con-
ventionalwingedaircraftthatthepilotsfrequentlybecamedisturbedwhenencoun-
teringanyturbulencein a lifting body.Aerodynamically,the lifting bodieswere
significantlydifferentfromwingedaircraftandonemightexpectthemto respond
quite differentlyto turbulence,but whatwe wereexperiencingwassomething
entirelynewandunknown.

Thepilotscouldnotagreeonwhatparticularsensationstriggeredtheiranxiety,
but theysaidthattheyoftenfeltonthevergeof instability.Earlyin thelifting-body
program,thepilotsreportedfeelingthatthevehiclesweregoingto"uncork"onthem.

Once the pilots became convinced that there was no real instability and that the vehi-

cle disturbances were caused by turbulence, they rode through the disturbances with
little concern.

The gust response of an unwinged vehicle is considerably different from that of

winged aircraft. In conventional aircraft, turbulence primarily affects the vertical, felt

in the seat of the pants. In a lifting body, turbulence primarily affects the horizontal,

producing small amounts of sideslip disturbance, resulting in a high-frequency rolling

sensation. This was particularly true at lower elevations where turbulence could be

most severe. Following the crash of the M2-F2 in May 1967, the pilots became even

more sensitized to upsets close to the ground, the crash of the M2-F2 during landing

linked to the rolling motions from such an upset that temporarily disoriented the pilot.

In turbulence at low elevations, the pilots felt they might be experiencing some

impending dynamic instability in the vehicle, even though the engineers assured them

that they were not.

Mysterious upsets occurred at altitude as well, usually during the powered por-

tion of a profile. The pilots found these upsets "spooky." The program engineers

hypothesized that these upsets were caused by wind shears. Consequently, on one

flight a movie camera was positioned on the ground directly beneath the planned
ground track, since the LR-11 rocket motor always left a distinctive white trail of

exhaust condensation, or contrail, in any and all atmosphere conditions. Just before

launch, the upward-facing camera was turned on to record the launch, powered por-

tion of the flight, and the pilot's radio transmissions. As the pilot flew the powered por-

tion, he called out where the vehicle "felt squirrely" in the lateral direction. Later,

playing the film showed that the vehicle had indeed encountered wind shears, as

shown by the disturbed contrail, when the pilot had reported that the vehicle

"felt squirrely."

Over time and with experience, the pilots came to accept that the turbulence

response of the HL-10 was considerably different from that of conventional winged

aircraft and that the upsets did not mean that they were on the threshold of dynamic

instability. This was new territory in aerospace exploration, one in which the lifting-

body pilots and engineers found themselves having to separate the real from

the imagined.
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Experiments with Powered Landings

After its 35th flight, when all of the major program objectives had been met, the

HL-10 was reconfigured for a powered approach and landing study conducted over

two flights on 11 June and 17 July 1970. For the study, the LR-11 rocket engine was

removed and three small hydrogen-peroxide rockets were installed. The objective was

to study shallower glide angles during final approach. Ignited during approach, the

rockets reduced the angle of approach from approximately 18 to 6 degrees. The 37th

and final flight of the HL-10, piloted (like the 11 June flight) by Pete Hoag, was also

the last of the powered approach flights in this study.

The overall results of the study were negative, powered landings having no advan-

tage over unpowered ones for the lifting body. Indeed, shallower powered approaches

in the lifting body provided none of the benefits normally obtained in winged aircraft

from powered landings. Another conclusion from the study was that the normal

approach technique for any space re-entry vehicle----even if equipped with airbreath-

ing engines with go-around capability--should be to operate the vehicle as if it were

unpowered, relying on the engines only if the approach were greatly in error. This con-

clusion proved to be of great influence later in the design of the Space Shuttle, espe-

cially the decision not to install landing engines on the Shuttle. Yet much credit for

that decision should go to Mih Thompson, especially to his perseverance in cam-

paigning vigorously for unpowered Shuttle landings.

When we total up the flight time for the HL-10 in its 37 flights between 1966 and

1970, we come up with 3 hours, 25 minutes, and 3 seconds. Was that enough time for
us to prove the value of the lifting-body concept? We think so, especially every time

we watch a Space Shuttle landing.
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WINGLESS FLIGHT MATURES

Costing between two and three million dollars and involving 60 NASA employees,

the rocket-powered lifting-body programs for the M2-F2, M2-F3, and HL-10 were

major undertakings for the Flight Research Center. However, this effort seems small

in comparison with the several hundred million dollars being invested by the United

States at that time, mostly through the Air Force, in lifting re-entry technology.

In the early 1960s, the Air Force funded several studies within the aerospace
industry of winged-vehicle configurations, variable-geometry slender bodies, and

high-volume lifting bodies. However, having less confidence in wingless designs, the

Air Force committed several hundred million dollars to winged vehicles, most of this

money channeled between 1960 and 1964 into two hardware programs, the manned

Boeing Dyna-Soar X-20 and the unmanned McDonnell ASSET (Aerotherm-

odynamic/elastic Structural Systems Environmental Tests) programs.

In 1963, a major shift occurred within the Air Force regarding aerospace con-

cepts, interest waning in the winged-vehicle concept as interest grew steadily in the

concept of high-volume lifting bodies. By that time, we had had nearly a year of solid

flight experience at the Flight Research Center with the M2-F1 lifting body, and I was

spending most of my time developing and selling the supersonic lifting-body program

to NASA management. Since November 1960, the Air Force had had the Martin

Aircraft Company under contract for developing a full-scale flight-testing program of

a lifting re-entry vehicle. By December 1963, Martin had selected the SV-5 configu-

ration, following the results of wind-tunnel tests on various lifting re-entry designs.

A high-volume lifting body, the SV-5 was the brain child of Hans Multhopp, an

aerodynamicist at the Martin Aircraft Company. The SV-5 quickly became the cen-

terpiece of a new Air Force program known as START (Spacecraft Technology and

Advanced Reentry Tests). Established in January 1964, START consisted of dual

programs--the unpiloted PRIME (Precision Recovery Including Maneuvering Entry)

and the piloted PILOT (Piloted Lowspeed Tests).

In early 1964, I visited the Martin Aircraft Company to gather information on the

SV-5 and possibly gain some support from Martin and the Air Force in convincing

NASA management to fund a supersonic lifting-body flight-test program. I met Hans

Multhopp, introduced to me as Martin's chief scientist and the designer of the SV-5.

A soft-spoken man with a heavy German accent, Muhhopp seemed to be highly

respected and admired by others in Martin engineering. After a conversation with him

about the SV-5, I could understand why he was so highly respected, for his knowledge

of aerodynamics and aircraft design was impressive.

A former aeronautical engineer, Multhopp had worked during World War II for the

Focke-Wulf Flugzeugbau in Bremen, Germany, first as head of the aerodynamics
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departmentandthenaschiefoftheadvanceddesignbureau.Oneof hisprojectsat
Focke-Wulfwasdesigning,inconjunctionwithKurtTank,theTa-183.Informationon
theTa-183designobtainedbytheRussiansat the end of World War II gn'eatly influ-

enced the design of the Russian MIG-15 jet fighter. The Pulqui-II, a derivation of the

Ta-183 design flown in Argentina after World War II, had been buih by former Focke-

Wulf employees who had fled to Argentina.

Whisked out of Germany at the end of World War II, Muhhopp went to work for

the British at Farnborough. There, he designed the swept-wing British Lightning fight-

er, using calculation techniques he had developed. After four years, however, the

British found his arrogance intolerable and he was sacked. He then became the chief

scientist for the company that eventually became the giant American aviation and

space contractor, Martin Marietta.

Muhhopp was able to convince Martin management as well as the Air Force that

the SV-5 shape was superior to NASA's M2-F3 and HL-IO shapes on the basis of six

features. First, tile SV-5 was a maneuverable lifting body with no essential surface

components that would be destroyed on re-entry from orbit. Second, the vehicle had a

hypersonic lift-to-drag ratio of 1.2 or better, permitting a lateral range of 1,000 miles.

This feature would enable a recall to any preselected site at least once a day as well

as emergency recall to a suitable location from every" orbit.

Third, the low-speed aerodynamics of the SV-5 were suitable for making a tan-

gential landing without resort to automatic controls. Fourth, volumetric efficiency was

as high as possible, the shape giving as much w)lume fo_'ard as possible for center-

of-gravity control. The resulting configuration gave more room up front for the pilot

and equipment. The center-of-gravity couhl then be positioned sufficiently fi_rward to

provide adequate vehicle control without resorting to an unstable vehicle with a neg-

ative static margin. Fifth, positive camber was included in the body, allowing trimmed

lift comtitions at lower angles of attack as well as a high subsonic lift-to-drag ratio of

about 4.0. Sixth, in regards to pilot visibility, the SV-5 cockpit canopy design was

superior to that of the M2-F3 and the HL-I 0.

My first meeting with Hans Muhhopp at Martin in early 1964 also turned out to

be my last. After that visit, he seemed simply to disappear from public view. Later,

when the X-24A was being flown at Edwards Air Force Base as the final stage of the

PILOT portion of the SV-5 program, I was surprised to learn that my Air Force col-

leagues at Edwards had never even heard of Hans Muhhopp. At that time, there was
still considerable resentment in this country about using German engineers in

American aerospace projects. Consequently, it became the usual practice to keep

German engineers at low profile. However, this was not always true. A good example

of an exception to this practice was Wernher von Braun, who rose to high rank in

NASA ill full public view and made a significant contribution to our space program.

The PRIME unpiloted SV-5 program began in November 1964. The Space

Systems Division of the Air Force Systems Command gave the Martin Aircraft

Company a contract to design, fabricate, and test a maneuverable re-entrry vehicle in
order to demonstrate whether a lifting body could, in fact, be guided from a straight
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courseandthenreturnedtothatcourse.Martinhadalreadybeenstudyinglifting re-
entryvehiclesforsometime--thecompanyhad,afterall,beenin theDyna-Soarcom-
petition-andhadinvestedmorethantwomillionhoursin lifting-bodystudies.

MartinAircraftCompanyrefinedtheSV-5designintotheSV-5D,an880-pound
aluminumvehiclewithanablativeheatshield.TheAir Forceorderedfourof the
SV-5Daircraft,whichit designatedtheX-23A.BetweenDecember1966andmid-
April 1967,theAir Forcelaunchedthreeof thesevehiclesatopAtlasboostersthat
blastedthemat 14,900milesperhouroverthePacificOceanWesternTestRange
towardKwajalein.ThethreevehiclesperformedsowellthattheAir Forcecanceled
thefourthlaunchtosavemoney.ThePRIMEprojectdemonstratedthatamaneuver-
inglifting bodycouldindeedsuccessfullyalterits flightpathuponre-entry.These
testsalsoconclusivelyconfirmedthatlifting bodiesweremaneuverablehypersonic
re-entryconfigurations.

From SV-5P to X-24A

As an expansion of Martin's PRIME work, the Air Force and Martin derived

PILOT--a proposed "low-speed" (Mach 2) research vehicle that the Air Force could

test for its supersonic, transonic, and subsonic-to-landing behavior. Martin designat-
ed the vehicle the SV-5P.

Colonel Chuck Yeager, then commandant of the Edwards Test Pilot School, had

been a fan of the lifting bodies since his flight in the M2-F1. At the time, he had told

Paul Bikle that the first lifting body handled well and that he would like to have a few

jet-powered versions to use for training future lifting-body pilots. After learning of
what Yeager had said, Martin proposed the SV-5J, a low-speed lifting-body trainer

powered by a small turbojet, for use by the Air Force's test pilot school at Edwards.

Nothing came of this proposal, although Martin built the shells for two such vehi-

cles and even tried to entice Milt Thompson to fly the SV-5J when it was completed.

NASA had no interest in the vehicle, and Thompson was committed to supporting the

objectives of the NASA lifting-body program. Calculations showed that the vehicle,

because of its high drag and low thrust, would not only have marginal climb perfor-

mance but would actually be dangerous to fly. Nevertheless, Martin offered Mih

Thompson $20,000 if, on his own time, he would simply get the vehicle airborne.

Thompson offered to accept Martin's $20,000 if he could get it airborne by simply

bouncing the SV-5J a few inches into the air by running it across a two-by-four on the

runway. Martin didn't accept Thompson's "flight plan."

Meanwhile, the SV-5P development program was progressing smoothly. In May

1966, the Air Force gave Martin a contract for building one SV-5R Martin began

development under the direction of"engineers Buz Hello and Lyman Josephs. About a

year later on 11 July 1967, Martin rolled out the SV-5P at its plant in Bahimore,
Maryland. The Air Force designated the vehicle the X-24A.
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X-24A Crew and Wind-Tunnel Testing

Selecting staff and crew for the X-24A lifting-body project coincided with the

winding down of the X-15 program. The X-24A gained experienced flight planners

and flight-test engineers from both the X-15 and M2-F2 programs, including NASA's

Jack Kolf and the Air Force's Johnny Armstrong, Bob Hoey, Paul Kirsten, and David

Richardson. Chief NASA flight planner for the X-15, Jack Kolf became project man-

ager of the program under the direction of John McTigue.

Norm DeMar became operations engineer for the X-24A. His crew included crew

chief Jim Hankins; mechanics Chet Bergner, Mel Cox, and John "Catfish" Gordon;

inspector LeRoy Barto; avionics technician Ray Kellogg; instrumentation technicians

Bill Bastow and Jay Maag; and, from Martin Aircraft Company, electrical engineer

Bob Moshier and hydraulics and mechanical-systems engineer Jack Riddle. Wen

Painter and Sperry" Rand's Ron Kotfilm worked on the vehicle's stability and

augmentation system.

On 24 August 1967, the X-24A was delivered to Edwards Air Force Base. An

experienced lifting-body pilot who had probed the instability boundaries of the

M2-F2, Jerry Gentry was assigned as project pilot. Although Paul Bikle and Jerry

Gentry' were anxious to keep the X-24A on schedule, the vehicle did not fly for the

better part of another two years. The vehicle was not released for program activity

until 5 October 1967, when DeMar and his crew began preparing the X-24A for wind-
tunnel tests at NASA Ames.

Although the X-24A left Edwards on 19 February, 1968, wind-tunnel testing at

NASA Ames did not begin until 27 February, the extra days at the wind tunnel used

to prepare the vehicle with a removable coating to simulate the ablative roughness that

would be encountered "after the heat of re-entry. Roughness measurements from recov-

ered PRIME vehicles were used in preparing this coating. Afte_-ards, the X-24A was
wind-tunnel tested with two skin conditions, with a clean metal skin and with the

rough surface stuck to the skin with an adhesive.

The rough surface seemed to cause a significant reduction in the lift-to-drag ratio

for landing, a reduction that would, in turn, reduce the time available for correcting

control inputs during actual landings on re-entry from space. These conclusions,

along with other aspects of the wind-tunnel test data on the X-24A, were published a

year later in a NASA report written by Jon S. Pyle and Lawrence C. Montoya, two engi-

neers at the NASA Flight Research Center, entitled Effects of Roughness of

Simulated Ablated Material on Low-Speed Performance Characteristics of a

Lifting-Body Vehicle. 1 However, flight tests at Edwards were planned for the vehi-

cle only with a clean metal skin.

1. Jon S. Pyle and Lawrence C. Montoya, Effects of Roughness of Simulated Ablated Material

on Low-Speed Performance Characteristics of a Lifting-Body Vehicle (Washington, DC: NASA TM

S-1810, 1969).
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Problems and More Problems

After the X-24A returned to Edwards on 15 March 1968, DeMar and his crew

began preparing it for flight. However, problems began to appear that would slow them

down. First, since the cockpit instrument panels had not been designed at Martin to

be removable for check-out and maintenance, DeMar and his crew had to spend two

months installing connectors on all electrical and pressure fittings in the panel. Next,

when the hydraulic control system was operated, the actuators started leaking, so they

had to change all of the servo vaIves. During hangar tests of the control system, when

runaway control-surface oscillations were put in, structural feedback resulted, even-

tually traced to its origin through the soft actuator structural mounts. This problem

occurred because Martin engineersIin their zeal to avoid having to add weight to the

vehicle nose for balance--had designed the X-24A to be very light in its aft end,

where the actuators were supported.

Competition had sprung up earlier between the Martin designers of the X-24A

and the Northrop designers of the M2-F2, M2-F3, and HL-10. The Martin designers

knew that the Northrop designers had had to add either nose ballast or redundant

structure in the noses of the Northrop-buih lifting bodies to maintain center-of-gravi-

ty, and they vowed t_at they would not do the same in their design of the X-24A lift-

ing body. They claimed that one of the assets of the X-24A shape was that it offered

more volume forward for the pilot, allowing hea,3_ equipment to be installed in the

nose. However, the Martin designers had been so frugal in weight control that the
structure and actuators in the 'aft end of the X-24A were of minimum size and thick-

nesses. In fact, the aft end of the X-24A was so light that 140 pounds of ballast had

to be added to it to balance the vehicle for flight.
DeMar and his crew had to beef up the structure to eliminate the control-system

dynamic feedback encountered in ground tests, and this process delayed the X-24A

schedule substantially. According to DeMar, he was called into Bikle's office almost

weekly during this time to explain to Bikle and Gentry what was causing the latest

delay. Even more delays came about as a result of the new wave of caution and con-

servatism that had engulfed the Flight Research Center following the crash of the

M2-F2 the year before. It had always been a tradition at the Center to have a Flight

Review Board made up of engineers and technicians not involved in a project to rec-

ommend when a project's aircraft was ready for flight-testing. The Board formed to

examine every detail of the X-24A, however, proved to be very picky. Extra tests on

systems were needed to assure the Board that the vehicle was flight-worthy, further

delaying the schedule.

X-24A Glide-Flights, 1969-1970

After the X-24A finally was declared ready for flight, Jerry Gentry was set to pilot

the vehicle in its first glide-flight on 17 April 1969, nearly two years after its roll-out
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Drawing illustrating the concept of shuttlecock stability of the X-24A transonic configuration with extended

control surfaces (orlg_nal drawing by Dale Reed, digital version by Dryden Graphics Office).

by Martin Aircraft Company. Gentry's first glide-flight of the X-24A turned out to be
almost as hair-raising and exciting as Milt Thompson's anti Bruce Peterson_ first

glide-flights respectively of the M2-F2 and HL-IO.

Milt Thompson had experienced a lateral-directional pilot-induced oscillation

(PIO) in the M2-F2 at low angles of attack when he moved the manual rudder-aileron

interconnect wheel the wrong way. Bruce Peterson had experienced pitch and roll

oscillations in the HL-10, the result of flow separation on the outer vertical fins at high
angles of attack. Because of this flow separation, the pitch and roll control in the

HL-10 was ineffective. Jen'y Gentry faced somewhat different problems on the first
flight of the X-24A.

The X-24A was more automatic and complex than either the M2-F2 or HL-10.

First of all, roll control on the X-24A could come from either the lower split flap or

the upper split flap. Roll control could be shifted from the lower to the upper flap in

either of two ways: by scheduling an automatic biasing (shuttlecock configuration) of

the upper flap for transonic flight, or by the pilot pulling back on the stick, resulting

in retraction of the lower flap and extension of the upper flap.
Eliminating the dependency on the pilot to set the rudder-aileron interconnect

manually, the X-24A included an automatic system that changed the interconnect

ratio as the angle of attack varied. For its first glide-flight, the X-24A was launched

from the B-52 with its upper flap set at 21 degrees upward from the body's upper skin
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togivethelowestdragduringthesubsonicglidetolanding.Thissettingmeantthat
all roll controlduringtheflightwouldcomefromthelowersplitflap.

Thefirstflightofanyair-launchedliftingbodyisunique.Withthevehicle'svery
rapidrateof descent,thepilothasonlyabouttwominutestoevaluateactualflight
characteristicsanddeterminethatnoseriousdeficienciesexistthatcouldcompromise
asafelanding.Duringthatsametwominutes,thepilotalsohasto performenough
maneuversin theaircrafttoallowlift-to-dragperformanceandlongitudinaltrimtobe
determined,informationthatlaterwill becomparedwithwind-tunnelpredictionsso
thatthesecondflightcanbeapproachedwithanevenhigherdegreeofconfidence.

Thelaunchof theX-24Afromthe B-52into its first glide-flightwassmooth.
However,oneminuteintotheflight,theautomaticinterconnectsystemfailed,caus-
ing theinterconnectto stickin oneposition.Duringthelandingapproachat two
degreesangleofattackand300knots,Gentryexperiencesanuncomfortablelateral-
directional"nibbling." Hesaidthatthesensationwassimilartoonehehadexperi-
enced in the M2-F2 with a characteristicthat developedinto a severe
lateral-directionalPIOtendencywithlargebank-angleexcursions.Atapproximately
1,800feetaboveground,tostoptheroll oscillationin theX-24A,Gentryincreased
theangleofattacktobetweenfourandfivedegrees,decreasedairspeedto270knots,
andusedthelandingrockets,asuccessfulflarelandingwithoutrocketsrequiringan
airspeedof300knots.

Justbeforetouchdown,thelowerflapswererate-limited,themaximumsurface
ratefromtheactuatorsbeinginsufficienttofollowthelargecommandsfromboththe
roll rate-dampersystemandthepilot,whichwerein phase.Duringtheflare,Gentry
consideredthelongitudinalcontroltobegood.However,duetoactuatorrate-limiting,
theratedampercouldnotbefully effectiveduringperiodsof surfacerate-limiting.
Theresultwasthatthevehicle'sroll-rateexcursionsreached20degreespersecond.

SomethingobviouslyneededtobechangedontheX-24A.JohnnyArmstrong,Bob
Hoey,theNASAengineers,andtheAirForceengineersCaptainCharlesArchie,Paul
Kirsten,MajorJohnRampy,CaptainJohnRetelle,andDaveRichardsonanalyzedthe
flightdataandconcludedthattheproblemswithroll oscillationandelevonactuator
rate-limitingwerecausedbythefailureof theautomaticinterconnectsystem.The
poorhandlingqualitiesof theX-24Aduringthefinalapproachwereprimarilythe
resultof thehigher-than-plannedrudder-to-aileroninterconnectthatoccurredwhen
theautomaticsystemfailed.

Oncetheinterconnectsystemproblemwascorrectedandwithnootherchanges
tothevehicle,JerryGentrypilotedtheX-24Aonitssecondglide-flight.However,the
sameproblemoccurred,the lowerflapsagainbecomingrate-limitedon thefinal
approach,eventhoughtherudder-aileronsystemwasworkingproperly.

Beforethethirdglide-flightof theX-24A,theprogram'sengineersconducteda
considerableinvestigationbysimulatortodefinethechangesneededto improvethe
vehicle'sflyingqualitiesonfinalapproach.Subsequentchangesmadetothecontrol
systemincludedmodifyingthelower-flapcontrolhornsto approximatelytwicethe
maximumsurfacerate,modifyingtherudder-aileroninterconnectschedulewithangle
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of attack,andincreasingthecontrol-stickforcegradientandstick-dampingin roll.
Moreeffectiverate-dampinggainsettingsin roll andyawweredefined.Althoughthe
X-24A'sresponsetomotionin turbulencecouldnotbeduplicatedadequatelyin the
fixed-basedsimulator,theX-24Aengineeringteamconcludedthattheeffectoftur-
bulencesignificantlycontributedtothecontrolproblem.

BobHoeyrecallsthatthemostsignificantcauseoftheoscillationsontheX-24A's
firstandsecondglide-flightswas"anerrorin thepredictionof theyawing-moment-
due-to-aileronforthelowerflap.Theerrorwasapparentlycausedbyflowinterference
aroundthestingin thewindtunnelwhentheflapswereclosedtonearlyzerodeflec-
tion.Theflightdatashowedthatthederivativewasof oppositesignthanpredicted.
Althoughwesuspectedtheproblem,wedidn'tmeasurethiscorrectvalueuntil after
fl[igh]t2, whenthepilot didsomeailerondoublets."

In retrospect,Hoeyconcluded,"wewereluckyonfl[igh]t1." Notonlyhadthe
interconnectstucktoohighat 35 percentbut evenmoreproversewastheaileron
derivative.Theseeffectswereadditive,Hoeysaid."LateranalysisshowedthatGentry
waswell into thepredictedPIOregionon thatapproach,andhisdecisionto slow
downandusetherocketswasagoodone!''2

DuringGentry'sthirdglide-flight,henoticedconsiderableimprovementdueto
thechangesin thecontrolsystem.However,hecontinuedtobeconcernedaboutthe
vehicle'sresponsein turbulence.Gentrydidnotbegintolosethisconcernuntil,dur-
ing additionalglide-flights,hebecameconvincedthatthemotionshewassensing
stemmedfrom"ridingqualities"aggravatedbyturbulenceratherthanfromanyseri-
ousdeficiencyin handlingqualities.Theincreasedsurfaceratesofthelowerflaps,
furthermore,preventedthereoccurrenceof theearlierproblemwithrating-limiting.
Ninemoreglidesweremadein theX-24AbeforethevehMe'sfirstpoweredflight.

X-24A Powered Flights, 1970-1971

By combining much larger fuel tanks with a lighter-weight structure in the

X-24A, Hans Multhopp and the other Martin designers theoretically achieved the

potential for the X-24A to attain much higher speed and altitude than either the
M2-F3 or the HL-IO. All of the powered lifting bodies had the same type of rocket

engine, the LR-11, with a maximum theoretical vacuum thrust of 8,480 pounds. In

structure, the X-24A was nearly 200 pounds lighter than the HL-10 and 700 pounds

lighter than the M2-F3. The X-24A also carried about 1,600 pounds more in fuel than
did the HL-10 or M2-F3. Fuel-to-vehicle weight ratios for the three powered lifting
bodies were 0.45 for the X-24A, 0.35 for the HL-10, and 0.33 for the M2-F3. The X-

24A seemed to have the potential for breaking lifting-body speed and altitude records.

2. Typed comments of Robert G. Hoey to Dale Reed in conjunction with his technical review of the

original manuscript for "Wingless Flight," Sept. 1993.
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View of the X 24A showing eight retract_control surfaces on the aft end of the vehicle in its subsonic, low-

drag configuration. (NASA photo E68 18769)

Bob Hoey, however, felt that the maximum speed of the X-24A would not be

greater than what had been achieved already with the other powered lifting bodies.

"The reference area of the X-24A was 162 sq[uare] i_ee]t," he explained, compared to

139 square feet for each of the other two powered lifting bodies, "so it was larger with

more wetted area. The X-24A also required a larger wedge angle (more drag) for sta-

bility at transonic and supersonic speeds. This is a desirable feature while decelerat-

ing during an entry, but undesirable when trying to accelerate with a rocket."

Actual X-24A entry, Hoey continued, would use 50 degrees of upper flap and 10

degrees of outward flare on the rudder down to Mach 2, identical to the config'uration
of the PRIME vehicle that deployed a drogue chute at Mach 2. As speed decreased

below Mach 2 in the X-24A, Hoey theorized, the upper flap and rudder bias would

begin to program inwardly. "We used 40 degrees of upper flap and 0 rudder as our

transonic/supersonic configuration," Hoey said, "'a compromise in reduced shuttle-

cock stability in order to get lower drag and higher speed under power. Our simula-

tion showed that we would only reach about Mach 1.7 for an optimum, full duration
burn."3

Historic accounts including Richard P. Hallion's On the Frontier and The

Hypersonic Revolution have suggested the X-24A had few, if any, negative points.

3. Hoey, comments to Reed.
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However,the X-24Rs high reputation rests on the fact that the vehicle was not

allowed to be flown in what might have been very uncontrollable flight regimes. Hans

Muhhopp and his fellow designers at Martin had designed the X-24A exclusively as

a re-entry vehicle. It had not been designed to perform well in other situations, includ-

ing being launched from a B-52, climbing to altitude, and diving to achieve a high

Mach speed during rocket burn. 4

The X-24A had very serious angle-of-attack control limitations at transonic

speeds. If the pilot increased angle of attack above about 12 degrees, he risked losing

roll control clue to roll-reversal boundary. If the pilot continued increasing angle

of attack in the X-24A to near 20 degrees, wind-tunnel tests and simulations predict-

ed the vehicle would depart in yaw from its intended direction due to lack of direc-

tional stability. According to these predictions, at these high angles of attack, neutral

longitudinal stability also would occur. The X-24A also had a low angle-of-attack

limitation, experiencing roll-reversal and pitch-instability problems at angles of

attack lower than four degrees.

Nevertheless, it can be said that the X-24A had no constraints in handling or sta-

bility for an optimum, maximum speed boost profile. "Although the stability bound-

aries were well defined by flight test," Bob Hoey said about the X-24A, this use of

flight-testing being fairly traditional by the end of the X-15 and M2 programs, "they

DID NOT constrain the optimized trajectory .... We had adequate margins on both

sides of the boundaries to safely fly an optimized trajectory. ''5

Flight research teams for the various lifting bodies always wanted their vehicle to

surpass the speed and altitude records of earlier lifting bodies. The less restrictive

control boundaries of tile HI,-10 allowed its pilots to be able to fly more optimum-pow-
ered trajectories on speed and altitude missions than were allowed for the X-24A. The

X-24A team chose to see tile HL-10's speed record as mainly a matter of luck, saying

that on its speed mission the HL-10 climbed and accelerated at lower altitudes with

a tailwind, then climbed slightly into a jet-stream headwind that increased airspeed

and added about 0.2 of its speed record of Mach 1.86. Perhaps partly in jest, the HL-

10 team replied that they had planned it that way and that perhaps the X-24A team

ought to do the same.

Nevertheless, the wave of caution that engulfed the Flight Research Center fol-

lowing the M2-F2 crash affected flight-planning for several years for the lifting bod-

ies still being flight-tested--the HL-IO, the X-24A, and eventually the M3-F3. As a

4. Richard P. Hallion and John L. Vitelli, "The Piloted Lifting Body Demtmstrators: Supersonic

Predecessors to Hypersonic and I,ifting Reento'," Chapter II: "The Air Force and the Lifting Body

Concept," pp. 893-945, esp. p. 922 of Hallion, ed., The It)personic Ret,o/ution: Eight Case Studies

in the History ofll)'personic Teehnolog, 2 vols. 0Vright-Patterson Air Force Base, OH: Aeronautical

Systems Division, 1987), _bl. II; Hallion, On the Frontier, p. 164.

5. Hoey, comments to Reed.
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result,muchcarewastakentoavoidcrossinganypossibleout-of-controlboundaries.
Carefullyconsideredrestraintcharacterizedthe planning of maximum speed and

altitude missions for the X-24A. Flight safety was paramount. Program objectives

would be met if the rocket-powered lifting bodies, including the X-24A, could be

flown at supersonic speeds near or greater than Math 1.5 in order to test re-entry
glide performance.

As objectivity prevailed, the X-24A team decided not to try to set speed and ahi-

rude records for the lifting bodies. Describing the X-24A team effort, Bob Hoey said,

"We tried twice to get to the expected burnout point of 1.7 (actually 1.68 on the Flight

Request). Both flights resulted in engine malfunctions. The X-24B program had
already been approved, so we decided that the benefit of another tenth in Mach num-

ber was not worth the added risk to the vehicle and crew." As a result, "we stopped

the X-24A program without ever flying a speed profile to burnout. ''6

Eighteen powered flights were made in the X-24A between mid-March 1970 and

early June 1971. A typical X-24A powered flight lasted just under eight minutes, con-

sisting of a two-and-a-half-minute rocket-powered flight followed by a five-minute

glide to landing. The vehicle's speed envelope in Mach number was expanded in suc-

cessive small steps separated at times by pauses for investigating problems affecting

handling. Primary flight objectives were not met on the first five powered flights due
to system failures following launch.

Flight planning and crew preparation for the powered flights took considerably

more time than had been required for the glide flights. Not only was the basic flight

plan more complex for powered flight, but a large number of possible deviations had

to be planned and practiced in simulation. Each X-24A pilot usually spent over 20

hours in flight simulation in preparing for each flight. Furthermore, actual flight prac-

tice in the F-104 was also increased to include landing approaches to as many as five

different runways. Each of the three X-24A piiots--NASA's John Manke and Air

Force Majors Jerry Gentry and Cecil Powell--performed as many as 60 landing
approaches during the two weeks prior to a flight.

Generally, the primary objective of each powered flight was to perform data

maneuvers near the planned maximum Mach speed, and this required precise control

of the profile. Consequently, data maneuvers were generally limited to the angle-of-

attack range required for profile control. To prevent the possibility of large upsetting

maneuvers that could compromise the profile, all data maneuvers were done with the

stability augmentation system engaged. The capability for individually operating the

LR-11 rocket engine's four chambers made it possible to select a reduced thrust level

upon reaching the desired test conditions to provide additional data time at quasi-
steady flight conditions. " .......

On 19 March 1970, Jerry Gentry piloted the X-24A in its first powered flight,

reaching well into the transonic region by achieving a speed of Mach 0.87. After we

6. Hoey, comments to Reed, underlining in the original.
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analyzedthedatafromthefirstpoweredflight,thereweretwochanges.First,thecen-
ter-of-gravityin theX-24Awasmovedforwardbyremoving140poundsof ballast
fromthetail. Second,tohelpreducelongitudinalcontrolsensitivity,theupperflap
wasbiasedupwardfrom30to35degreesabovetheaircraft'sbodysurface--ineffect,
openingtheshuttlecock.

On the flightsthat followed,pilotsJohnMankeand Cecil Powellsteadily
expandedtheX-24A'sperformanceenvelope.Duringtheseflights,toincreasedirec-
tionalstability,the shuttlecockwasincreased,biasingthe upperflapupwardto
40degreesabovethebodysurface,andtheruddersweremovedoutboard.Toimprove
handling, we also increasedyaw dampergain and the rudder-to-aileron
interconnectratio.

Exactly23yearsafterChuckYeager'sfirstsupersonicflight,on14October1970,
MankepilotedtheX-24Aon its firstflightbeyondMach1, reachingMach1.19at
67,900feet.Lessthantwoweekslater,MankesimulatedaSpaceShuttleapproach
andlandingin theX-24Afromanaltitudeof71,400feet.On29March1971,Manke
reachedMach1.60in theX-24A,its fastestresearchflight.However,the28thand
finalresearchflightoftheX-24Aon4 June1971wasdisappointing.Onlytwoofthe
LR-11engine'sfourchambersignited,limitingtheX-24Atosubsonicspeeds.

1971: X-24A Ready for Space

The only lifting-body configuration completely flight-tested from near-orbital

speeds to subsonic landing was the PRIME (a predecessor of the X-24A, which had a

slightly different configuration). The unpiloted PRIME vehicle demonstrated hyper-

sonic maneuvering flight from Mach 24 to Mach 2.0, while the piloted X-24A demon-

strated maneuvering flight from Math 1.6 to landing. By 1971, the technology existed

for initiating a rapid-turnaround, low-cost, low-risk program that could place a pilot-

ed lifting body into orbit, using a Titan II booster from the Gemini program. Had such

a program come into being then, it would have resulted in the world's first lifting re-

entry to horizontal landing a decade before the Shuttle Orbiter.

The last flight to the moon was to occur in December 1972, leaving two complete

Saturn V-Apollo systems unused. One of these rocket-and-spacecraft systems would

eventually be used in a joint American/Soviet space effort, the Apollo/Soyuz orbital

linkup. However, in 1971, there were still no plans for using either of the two Saturn

V systems. A Northrop lifting-body engineer came up with the idea of using the vehi-

cles for launching two lifting bodies into orbit. I thought it was a great idea. So did the

NASA lifting-body project manager at the time, John McTigue.

I prepared a briefing for Wernher von Braun, then in charge of the NASA Marshall

Space Flight Center in Alabama, who was visiting Paul Bikle at the Flight Research

Center. The briefing was about launching two lifting-body/Saturn missions, carrying

the HL-IO in the same space where the Lunar Lander had fit. The HL-IO would be

modified for space flight with a heat-protective ablative coating to protect its alu-
minum structure. In the first mission, the HL-10 would be flown unpiloted back to
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earthfromorbit.In thesecondmission,theHL-10wouldbeflownbackbyapiloton
board.Becauseof itsmaturity,theX-24Aprobablywouldhavebeenabetterchoice
thantheHL-10.

WhatmadetheconceptattractivewastheprovensafetyoftheApollocommand
modulethatwouldbeusedbythreeastronauts,oneofwhomwouldbethelifting-body
pilot,forthelaunchandclimbtoorbit.Duringthefirstmission,thelifting-bodypilot
wouldtransferfromtheApollocapsuletothecockpitoftheliftingbody,conductpre-
re-entrysystemschecksin thelifting body,andthenreturnto theApollocapsule.
TheastronautswouldthensendtheliftingbodybacktoEarthunpilotedforarunway
landing.Later,theastronautswouldthemselvesreturnsafelytoEarthin thecapsule
viaparachute.

Thesecondmissionwouldfollowthesuccessfulcompletionofthefirst,onlythis
timetheliftingbodywouldbeflownbytheastronaut/pilotbackfromorbitforarun-
waylanding.If thein-orbitcockpitchecksoftheliftingbodyprovedtobeunaccept-
able,theastronautpilotcouldthensimplyreturntoearthwiththeothertwoastronauts
in theApollocapsule,asdonein thefirstmission.

In mypresentationtoyonBraun,I usedalargeSaturnV-ApollomodelthatI had
built froma commerciallyavailableplastickit. I hadsubstituteda modelof the
HL-10fortheLunarLandermoduleandhadevendevisedamodelofanextraction
armforplacingtheliftingbodyin freeorbit.Therewasenoughroomin themodelfor
eithertheM2-F3or theX-24A,hadwechosenoneofthosevehiclesforthemission.
However,atthetime,I haddecidedtouseascalemodelof theHL-10to showthe
compatibilityoftheSaturnV-Apollowithexistingliftingbodies.

WernheryonBraunthoughtit wasafantasticidea.He toldBiklehewouldpre-
paretherocketsatNASAMarshallif BiklewouldpreparealiftingbodyattheFlight
ResearchCenterbyaddinganablativeheatshieldtoprotectthevehicle'saluminum
structurefromtheheatofre-entry.ImaginehowI feltatthatmoment,if youwill. Iwas
sittingin a roomwithtwoof myheroes,makingplansfor thefirst pilotedliftingre-
entryfromspace--manyyearsbeforetheShuttle.

Ofcourse,I wasdisappointedwhenPaulBiklesaid"no" to theproject,even
thoughI couldrespectwhyhehadmadethatdecision.Hefeltmyideawasgood,but
he alsobelievedit wasa projectbeyondhisexperienceandinterest.Spacewas
beyondhisrealm,andhewasinterestedonlyin aircraft.PaulBikleandWernheryon
Braunhadeachdemonstratedtheability toworkoutsidethebureaucraticprocess.
Together,I hadlittle doubt,theywouldhavemadetheproposedprojectasuccess.
Andif theyhad,wemighthavebeenabletokeepthemomentumgoingin thelifting-
bodyprogram--allthewaytospace.

Althoughwestill hadanotherfiveyearsofflightevaluationtocomeontheM2-F3
andX-24Bliftingbodies,puttingapilotedliftingbodyintoorbitwouldhavebeena
fittingconclusiontoourfirstsevenyearsoflifting-bodyflightresearch.However,voic-
esof supportfortheSpaceShuttleconceptwerealreadybeingheard,voicesthatall
toosoonbecameloudenoughtodrownoutourvocalizedadvocacyforthelifting-body
approachin spaceapplications.Nonetheless,oureffortsin thelifting-bodyprogram
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hadtwoverysignificantinfluencesontheimmediatefuturein termsof spacecraft.
First,weestablishedtheconceptofhorizontallandingasfeasibleforspacecraftrecov-
ery.Second,weestablishedthefactthatlandingunpoweredspacecraftwithgliding
lift-to-dragratiosaslowas3.0couldheconductedsafelyandroutinely.

1969: Shuttle Concept Emerges

It wasn't until 1969--after six years of lifting-body flight at the Flight Research

Center--that NASA's top-rank decision-makers and planners decided to switch from

parachute recoveries of piloted spacecraft to horizontal landings. Chief of engineering

at NASA Johnson Space Center, Max Faget was one of the leading figures who, at the

time, was still hanging on to the parachute concept in spacecraft recovery. In fact, it

was in 1969, while he was promoting the "Big G" concept for buihting a big Gemini

capsule that could carry 12 astronauts, that he became convinced that the concept of

horizontal landing was good and immediately switched sides. Studies began at NASA

Johnson Space Center on lifting bodies, delta-wing configurations, and a straight-wing
vehicle with a conventional horizontal and vertical tail designed by Max Faget

himself. Studies led by Gene Love at NASA Langley evaluated candidates for the

Shuttle configuration.

Lifting bodies remained major contenders for the Shuttle configuration until two

significant events took place in 1969. The first was the invention of the lightweight
ceramic tile. The second was the mandate by Congress that the Shuttle design satisfy

Air Force as well as NASA requirements, including the Air Force's requirements for

hypersonic lift-to-drag ratio and a full-access payload compartment about the size of
a railroad boxcar.

The early ablator heat shields, developed for spacecraft such as the Apollo cap-

sule, could be applied directly to lifting bodies with much less weight penalty than

when applied to winged vehicles. However, with the invention of the lightweight

ceramic tile by Lockheed Space Systems (later improved by Howard Goldstein and his

team at NASA Ames), winged vehicles constructed of such low-cost materials as alu-

minum could compete with the lifting bodies as candidates for space. Thin surfaces,

such as those found on wings and tails, could be covered with the tiles, adding only

minimum weight. Minimum use of the heavier newly-developed carbon-carbon tiles

could also protect leading-edge high-heat areas of winged vehicles.

Even though NASA had been granted the responsibility for developing the

Shuttle, Congress dictated to NASA that the Shuttle design also had to satisfy require-
ments of the Air Force, which called for a payload size and cross-range requirements

roughly twice those of NASA. The typical hypersonic lift-to-drag ratios of the high-

volume lifting bodies that we were flight-testing were between 1.2 and 1.5, which

would have served any of the projected NASA missions for hauling people and cargo

to and from orbit. However, the Air Force projected greater cross-range capability

requiring hypersonic lift-to-drag ratios as high as 2.0, a requirement that made winged
vehicles more attractive as Shuttle candidates.
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ThepayloadrequirementoftheAir Forcewasabout50,000poundstoloworbit,
tobecontainedinacompartmentroughly15by60feet,oraboutthesizeofarailroad
boxcar.Easyaccessto thiscompartmentalsorequiredtheuseoffull-sizedoorsthat
couldbeopenedin space.Thisrequirementnarroweddownthepotentialspacecraft
shapetowhatbasicallyresembledarectangularboxwithliftingsurfaces(wingsand
tails)attachedto it, plusaroundednoseonthefrontandrocketmotorsontheback.
Twobasicshapesew_Ivedfor final consideration:MaxFaget'sconfigurationwith
unsweptwingandtail surfaces,andadelta-wingdesignwithaverticaltail attached.
Studiescontinuedthrough1972,whenNASAselectedthe delta-wingshapefor
theShuttle.

Phoenix Rising: From M2-F2 to M2-F3

In the winter of 1970, two powered lifting bodies were in the air over Edwards Air

Force Base and a third would enter flight testing by earl)' June. Very popular with the

pilots after its modification, the HL-10 was flown more times than any other of the

rocket-powered lifting bodies, its final flight occurring 17 July 1970. Since the spring

of 1968, it had been flown 36 times by four pilots--10 times by Joim Manke, nine

times each by Bill Dana and Jerry Gentry, and eight times by Pete Hoag. Tlle X-24A

was about halfway through its two-year flight-test program by the spring of 1970, ulti-

mately being flown 28 timesi13 times by Jerry Gentry, 12 by John Manke, and 3 by
Cecil Powell.

The M2-F1 next to Shuttle prototype, Enterprise, showing the comparative sizes of the two t,ehlch, s. The

Space Shuttle with its deha wings was selected over _t lifting-body shape for the first re_lsabl_ launch vehi-

cle, but h:ter the X-33 employed a lifting-body configuration. (NASA photo EC81 16288)
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Likethemythicphoenixrisingfromitsownashes,theM2-F3emergedfromthe
wreckedM2-F2afteranearlythree-year"inspectionprocess"oftheM2-F2thathad
crashedon10May1967.WorkingcloselywiththeNorthroplifting-bodycrewin Los
Angeles,JohnMcTigueparlayedresourcesfromtheshopsat theFlightResearch
CenterandNorthropalongwithabout$700,000fromNASAHeadquartersfor this
"inspectionprocess,"andby2June1970,anessentiallynewrocket-poweredlifting
body--theM2-F3IWaSreadyforitsfirstflight.

McTiguehadkeptcostsdownfortheM2-F3by meansofseveralmethods.For
instance,heappropriatedidleX-15crewsduringthewintermonthswhentheX-15s
couldnotflybecausethenormallydr),lakebedsusedforlandingexperimentalaircraft
werewet.Healsohadsheet-metalandmachinedstructuralpartsmadein NASA's
shopsto Northrop'sdrawingsand specificationsand then sent to Northrop's
Hawthornefacilityfor assembly,auniquelycooperativeventurebetweena govern-
mentagencyandacontractorthatinvolvedamostcost-effectiveuseoflaborandfacil-
ities,keepingexpensestoanabsoluteminimum.McTiguealsohadthefull supportof
Paul Bikle, a manwith a reputationfor supportingthrift)' approachesin flight
research.

Workingunderthedirectionof McTigue,MerylDeGeerhadkepttheoriginal
M2-F2teamintactandinvolvedin thebuildingof theM2-F3.TheoriginalM2-F2
crewchief,Bill LePage,andmechanicsJayKingandBill Szuwalskicontinuedon
withtheM2-F3.AlthoughtheM2-F3resembledtheM2-F2externally,severalsys-
temshadbeenmodified,relocated,oradded.Thefour-chamberLR-I1rocketengine,
forexample,wasturnedonits sidesothelowerflapcouldberetractedwithouthav-
ing tobuilda bulgeintotheshapeoftheM2-F3'slowerflap.Furthermore,heavier
itemsweremovedforwardandlighteritemsweremovedafttohelpeliminatenosebal-
lastusedincontrollingcenter-of-gravity.

SomepeopleconsidertheM2-F3the"purest"lifting-bodyconfiguration,for it
hadnohorizontalprojectionsor tail surfacesthatcouldbeconsideredsmallwingsof
somesort.Theotherliftingbodieshadcantedfinsprojectingintohorizontalandver-
ticalplanes.By1970,webecameconvincedthatanyengineeringinformationthatwe
couldproducefromM2-F3flighttestswouldbeveryvaluableto thosedesigning
futurespacecraft.Consequentl),wedecidedtousetheM2-F3forconductingcontrol-
systemresearch.

Thefirstliftingbody,thelightweightM2-F],haduseda verybasicmechanical
controlsystemofpushrodsandcablesmovedsolelybythepilot'smuscles.Therewere
nopowersystemssuchashydraulicsorelectricactuatorsbecausethepilotdidn't
needthemtofly theM2-F1.Onlywhentheheav)wqeightliftingbodiescamealong--
startingwiththeM2-F2which,fullyfueled,weighednearlytentimesasmuchasthe
M2-Fl--werehydrauliccontrolsnecessarytohelpthepilotmovethecontrolsystems
againstthehighpressurescausedbyhigh-speedflight.

Thehighspeedsof theheav)a_eightlifting bodiesintroducedanothercontrol
problemcommonto all theheavyweights,thetendencyfor overshootoroscillation
whenthepilotmadeacontrolinput.Althoughthisproblemtendedtomanifestitself
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in varyingdegrees,dependingon theconfiguration,it arosefromthehighinertia
(massdistribution)andlow aerodynamicdampingof thesevehicles.Tosolvethis
problem,weaddedarate-dampingstabilityaugmentationsystem(SAS)toall ofthe
heavyweightliftingbodies.

Figurativelyspeaking,theSASworkedlike averyfastsecondaryelectronicor
robotpilotthatsharedcontrolwiththeslowerhumanpilot.Either"pilot"couldmove
thecontrolsurfaceindependently.However,sincemanyof ourearlystabilityaug-
mentationsystemsweresingle-stringornonredundant,weneverallowedthe"robot"
tohavemorethan50percentof theauthorityonthecontrolsystem,nottrustingit to
havemorecontrolthan thehumanpilot. Wealsolimited the controlauthority
mechanicallytoguaranteethatthepilotwouldalwayshave50percentormorecon-
trol in caseofelectronicfailurein theSAS.

TheprimarytaskoftheSASwastorespondtorategyrosbytellingthecontrolsur-
facesto opposeangularratemovements.Wecalledthis process"rate damping"
becauseit slowedorresistedmotionsoftheliftingbody.Often,theSASwouldoppose
thepilot'scontrolinputs,tellingthecontrolsurfacestomovein theoppositedirection
toslowdownthevehiclemotionscommandedbythepilot.Tokeepthepilotandthe
SASfromthiskindof conflict,wedesigneda specialwashoutcircuitfor theSAS,
allowingthepilottomakenormal--butnothigh-rate--turns.

In transformingtheM2-F2intotheM2-F3,weusedthebasicmechanicalportion
oftheM2-F2'scontrolsystem.However,weincreasedauthorityin thespeedbrake,
modifyingthe ruddersto allow25 degreesof outboarddeflection,andincreased
ailerondeflectionfrom10to20degrees.Yawwascontrolledthroughtherudderped-
als thatdeflectedeitherof thetworuddersurfaceson theoutboardsideof thetwo
outerverticalfins.

The primarymanualcontrolsystemin the M2-F3wasan irreversibledual
hydraulicsystem.Pitchwascontrolledbymovingthecentersticklongitudinally,posi-
tioningthelowerflap.Rollwascontrolledbymovingthesamesticklaterally,differ-
entiallypositioningtheupperflaps.

Byaddingacenterfin totheM2-F3,wegainedtrueroll controlwithdifferential
bodyflaps,nolongerhavingthevehicle'snosemovingin theoppositedirectionfrom
adverseaileronyaw,ashadhappenedwiththeM2-F2.In essence,weeliminatedroll
reversal.Eventhoughsimulationwiththenewwind-tunneldatatoldusthattherud-
der-aileroninterconnectwasnotneededoncethecenterfinwasaddedtotheM2-F3,
wekeptthemanualinterconnectcontrolwheelinthecockpitincasewewantedtouse
it duringtheflight-testprogram.

Twovehicleconfigurations--subsonicandtransonic--wereusedtoprovideade-
quatestabilityattransonicspeedsandtowdrag(thatis,anincreasedlift-to-dragratio)
forapproachandlanding.ForshuttlecockstabilityatspeedshigherthanMach0.65,
theupperbodyflapsweremovedfromtheaveragepositionof 11.8degreesto 20
degreesupwardfromthebodysurface.Outboardbiasingof bothrudders was used

solely as a speed brake--not for transonic shuttlecock stability, as was the case for the
HL-IO and X-24A.
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thematic showing how the Hfting-body control systems differed. The M2-F3 was a test-bed for four

different control systems including reaction controls (original drawing by Dale Reed, digital t,ersio, by

Dryden Graphics Office).
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Three Experimental Control Systems Added

To add reliability and flexibility to the electronic portion of the control system in

the M2-F3, we eventually replaced the original single-string SAS of the M2-F2 with a

triply-redundant Sperry electronic control system similar to the one used in the
X-24A. We also added three new control systems to the M2-F3, supplemental to the

basic system, using simple rate-damping controlled by the pilot's center stick. We
used a second "sidearm" control stick in the cockpit for flying the M2-F3 with the

three different experimental control systems. The pilot could always revert back to the

basic center-stick control system by throwing a switch on the center stick or on the

front panel. We planned to install these systems after the speed and altitude envelope

for the M2-F3 had been expanded while using the basic center stick and SAS.

The first experimental control system for the M2-F3 was a rate command aug-

mentation system (CAS) in the roll and pitch axis, which we hoped would improve

pilot control by smoothing out the configuration's nonlinear longitudinal aerodynamic

characteristics. Conceptually, the CAS differed from the SAS normally used in the lift-

ing bodies. Instead of sharing control of the control surface with the pilot and being

capable of independent operation, as was the case with the SAS, the CAS received

instructions from the pilot's control stick and then used gyro and other information to

actually fly the vehicle for the pilot. For instance, if the pilot wanted a certain pitch
or roll rate, he would move the side-stick accordingly. After receiving the electrical

signals from the pilot's side-stick, the CAS would fly the M2-F3, avoiding overshoots

and oscillations and steadying the vehicle at the angular rate the pilot had indicated

by stick position.
With lead and lag electronic networks, the CAS actually could do a better job than

the pilot in flying a dynamically unstable aircraft. In 1970, however, we didn't trust

electronics the way we do today. We gave the CAS only 50-percent authority, the pilot

retaining 50-percent mechanical authority so the pilot could control the M2-F3 with
the center stick if a failure occurred in the CAS= Today, high-speed aircraft routine-

ly use command augmentation systems with 100-percent authority that are based on

redundant digital computers.
We added another feature to the CAS for maintaining a pilot-indicated angle of

attack. The CAS would maintain constant angle of attack when the cockpit hold

switch was engaged if the pilot's side-stick was in centered position. The side-stick

had a detent switch so that when it was out0fcenter, angle-of-attack hold was disen-

gaged and a rate dependent on stick position was commanded until a new angle of
attack was reached. Centering the stick would engage angle-of-attack hold. When

angle-of-attack hold wasn't desired, the pilot could turn it off with the cockpit switch

and then only rate command was operative. Another switch on the side-stick provid-

ed a vernier so that angle of attack could be changed without taking the stick out of

detent. The pilot could regain center-stick control with the SAS at any time by disen-

gaging the CAS switch on the instrument panel or on the center stick.
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Thesecondexperimentalsysteminstalledin theM2-F3,areaction-controlrock-
etsystem,offeredpotentialweightreductionandsimplifieddesignforpotentialfuture
lifting-bodyre-entryvehicles.Suchavehiclecouldbegreatlysimplifiedif thesame
rocketsusedformaneuveringinspacecouldbeusedforcontrolduringlanding.Four
90-pound-thrusthydrogen-peroxiderocketmotorsinstalledonthebaseoftheM2-F3
weredesignedtobeoperatedinpairs,providingeitherrollingorpitchingmomentsfor
roll andpitchcontrol.

Therocketscouldbe operatedonly in twostates--basicON-OFF(or"bang-
bang")--withnocapabilityforvariablethrust.Effectiverollingorpitchingmoments
couldbeachievedonlyby pulsingtherockets'burntimesto producethedesired
impulseforchangingthevehicle'smotion.At first,apilotoperatedtherocketsystem
byusingaspring-loadedtoggleswitchontherightconsole.Later,wereplacedthetog-
gleswitchwithaside-anncontroller--obtainedsurplusfromanoldWorldWarII for-
mationstick--thatenabledthepilot tousehis rightwristratherthanhis fingersto
operatethesystemtoproducethenecessary"beep-beep"or"bang-bang"motion.

Athirdexperimentalsysteminstalledin theM2-F3wasaCAStocontrolthereac-
tion-controlrocketsystem.TheON-OFFschemeof controllingtherocketsseemed
crudeandmarginal,sotheCASwasmodifiedto controltherocketsratherthanthe
aerodynamiccontrolsurfaces.

June 1970: Bomb on the Ramp!

The flight-test program for the M2-F3 benefited from the experience gained in the

M2-F2, HL-10, and X-24A flight-test programs. Meryl DeGeer served as operations

engineer only through the first two glide flights of the M2-F3 and then was reassigned

as operations engineer on the newly established YF-12A flight program at the Flight
Research Center that involved three of the Lockheed Blackbirds, similar to the SR-

71A reconnaissance aircraft. Herb Anderson, who had been operations engineer on

the HL-10 through its last flight, took over as M2-F3 operations engineer.

Most of the time, preparations for the M2-E3 flight tests progressed smoothly,

methodically, and safely. However, an extremely dangerous incident occurred in June

1970 as the M2-F3 was being prepared for a powered flight following four unpowered

glides. While hanging under the B-52's wing, the M2-F3 was being fueled on the

ramp. During the fueling operation, crew member Danny Garrabrant noticed liquid
was spilling out of the liquid oxygen vent onto the ramp.

Normally during fueling, the liquid-oxygen tank and the water-alcohol fuel tanks

in the M2-F3 and other lifting bodies were protected by a "quad valve," a dual-redun-

dant check valve that keeps the fuel from flowing into the liquid-oxygen tank.

However, both sides of the valve failed on this occasion, allowing the fuel and liquid

oxygen to mix, something that had never happened with any of the other lifting bod-

ies. The mixture in the tanks immediately froze due to the temperature of the liquid

oxygen (-270 to -290 degrees Fahrenheit), creating a bomb. The slightest jar could set

off a gigantic explosion on the ramp under the fully fueled B-52.
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,_I2-F3 launched from B-52. (NASA photo EC71 2774)

At once, Garrabrant sounded the alarm to his crew chief, Bill LePage. Herb

Anderson and LePage immediately alerted the Air Force. The area was evacuated. All

flights at Edwards Air Force Base were canceled, including all supersonic over-flights,

for the jar from a sonic boom could trigger the explosion.

Anderson and LePage then set out to defuse their bomb. Using padded tools and

being extremely careful not to drop anything on the M2-F3's tanks, they eventually

succeeded, but only after several very long hours of extreme danger to themselves and
the aircraft.

Flight-Testing the M2-F3

Project pilot Bill Dana flew the M2-F3 on 19 of its 27 flight missions, including

the first three of four glide flights for determining how its characteristics compared

with those of its predecessor, the M2-F2. Even though he had not flown the M2-F2

since 1967, Jerry Gent_ piloted the M2-F3 on his final lifting body flight in February

1971. Two other pilots made the other 7 of the M2-F3's powered flights--four by John

Manke and three by Cecil Powell.
After the end of the vehicle's flight-test program in late 1972, Bill Dana helped

write a pilots' report on the flight characteristics of the M2-F3 that included not only
his own observations but also those of John Manke, Cecil Powell, and Jen3T Gentry.

Published in 1975, this final NASA report on the vehicle's handling qualities entitled
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"FlightEvaluationoftheM2-F3LiftingBodyHandlingQualitiesatMathNumbers
from0.30to1.61"waswrittenbyBobKempelandAlexSireaswellasBill Dana.7
Thisreportwasbasedonthepilotratingsforall flightsandis themainsourceforthe
comments,details,andsummarizedresultsthatfollow.

Beginning2June1970andending16December1971,thefirst13ofthe27flight
testsweremadeusingonlythevehicle'scenter-sticksystem,within-flightmaneuvers
toevaluatecontrolcharacteristicswiththeSASonandoff.MaximumMachspeedfor
theseflightswas1.27.Afterthethirteenthflight,theM2-F3wasgroundedfor six
months--untilJuly 1972--whiletheexperimentalcontrolsystemsandside-stick
wereinstalledforevaluationduringthefinal14flights.Thelastflightoccurredon20
December1972,theM2-F3duringthecourseof its flight-testprogramachievinga
maximumspeedofMach1.61andaltitudeof71,500feet.

Glide Flights and Landings

During the first half of its flights, in glide and at subsonic speeds, the M2-F3 flew

very well with the SAS on. Adding the center fin had made a dramatic change in the

configuration, transforming the "angry machine" of the original M2-F2 into the very

controllable and pleasant-to-fly M2-F3. The pilots reported that control ill both longi-

tudinal and lateral-directional axes was excellent with the rate-damping system (SAS)

on. While the M2-F3 proved it could also be flown during glides with the SAS turned

off in all axes, vehicle response was very sensitive and the pilots had to exercise great

care to keep from over-controlling in both longitudinal and roll axes. According to the

pilots, without the SAS, the M2-F3's nose would "hunt" up and down and roll maneu-

vers were "jerky."

During landings from the glide flights, the M2-F3 demonstrated characteristics

that distinguished it from the other lifting bodies. Of the three lifting-body shapes

tested, the M2 possessed the lowest subsonic lift-to-drag ratio. This fact did not

create traffic-pattern difficuhies due to the careful planning that went into each flight

to provide sufficient altitude for comfortable landing under both normal and

emergency conditions.

The tow lift-to-drag ratio, however, did require more of the pilot's attention on final

approach and flare than had been needed with the HL-10. Flare speed varied from

260 to 320 knots, but 260 knots proved insufficient to hold the aircraft off the ground

while "feeling for the runway." About 290 knots of preflare airspeed gave a reason-

able float time. However, the faster the final approach, the more comfortable it was for

the pilot. Flare altitude also had to be carefully monitored for the vehicle to come level

just above the ground, varying between 600 feet for final approach at 260 knots to 100

feet for 320-knot approaches.

7. Robert _: Kempel, William H. Dana, and Alex G. Sim, "Flight Evaluation of the M2-F3 Lifting

Body Handling Qualities at Math Numbers from 0.30 to 1.61" (Washington, DC: NASA Technical Note

D-8027, 1975).
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Turbulenceresponsein theM2-F3resembledthatof the HE-10andX-24A.
A sidegustwouldcauseahigh-frequencyroll oscillationthatwoulddampoutwith-
outpilotinput,thetypeofresponsecausedbythevehicle'sexcessivelyhighamount
of effectivedihedral.At first, low-levelturbulencewouldmaketheM2-F3pilots
apprehensiveduetotheunusualnatureofthevehicle'sresponse.AswiththeHL-t0
andX-24A,however,theirapprehensiondecreasedasadditionalexperienceshowed
thattheunusualresponsedidnotmeanthevehiclewasonthethresholdofdivergent
lateraloscillation.Nevertheless,wechosenot to fly theM2-F3ondayswhenwe
expectedhighturbulencein theatmosphereoverEdwards.

HavingmadesixteenoftheX-15flights,includingitslastflight,Bill Danatend-
edtobedisappointedwiththeM2-F3'sspeedbrakes.SpoiledbytheX-15'spowerful
speedbrakes,hewasn'timpressedwith the lessereffectivenessof thoseon the
M2-F3.Danaalsodidnotlike thevehicle'slargenose-downpitchingmomentwhen
thespeedbrakeswereappliedbyoutboardbiasingofbothrudders.

TheflatupperdeckoftheM2-F3challengedthepilots'visibility,requiringthem
toswitchbackandforthquicklybetweenlookingoverthetopsideandlookingdown
throughthenosewindowat their feet.Thebiggestproblemwithvisibility in the
M2-F3wasvisuallyjudgingahitudejustbeforetouchdownwhenthenosewasathigh
angle.HistoricaccountsclaimthatfighterpilotsduringWorldWarII adaptedwell
whentheyhadlittleornoforwardvisibilityduetothelongnosesonthatera'saircraft,
compensatingbyusingtheirperipheralvision.Usingthenosewindow,especiallydur-
ingapproachestotouchdown,thepilotsoftheM2-F3adjustedjustassuccessfullyto
limitedforwardvisibility.

Rocket-Powered Flight

Duringthevehicle'sfirst rocket-poweredflightin late1970,Bill Danaachieved
thetransonicspeedofMach0.81.However,indicationsappearedshortlyafterlaunch
thattheM2-F3hadlongitudinalproblemstransonically.Angleofattackdriftednear-
ly uncontrollablyduetoadecreaseinpitchstahilityandchangesin trimastheMach
numberincreased.

Asspeedsweregraduallyincreasedoneachadditionalrocket-poweredflight,the
pilotsdiscoveredthatthemostlongitudinalinstabilityoccurrednearMach0.85,when
theyhaddifficuhycontrollingangleof attack.Thecenter-of-gravitywasmovedfor-
wardwithballastaddedtothenose.Increasingthepitchdampergain,orsensitivit);
to its maximumvaluealsohelpedthepilotsteadythevehicle.However,evenwith
thesechanges,longitudinalstability(pitchcontrol)wasonlymarginallyacceptablein
thetransonicspeedrange.Consequently,thelongitudinalrate-dampingsystem(SAS)
wasneverturnedoffin thisspeedrange.

In contrast,thepilotsratedtheroll controlof thevehicleattransonicspeedsas
verygood.Justasatsubsonicspeeds,theM2-F3couldbeflownwiththerollandyaw
dampingsystem(SAS)turnedoff.However,asit hadbeeninglideflights,thevehicle
wasverysensitiveto roll control,andthepilotshadtoexercisegreatcareto avoid
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over-controllingtheM2-F3attransonicspeedswiththeroll andyawdampingsystem
turnedoff.

At speedsbetweenMach1.0and1.6,longitudinalcontrolwiththerate-damping
systemturnedon wasconsiderablybetterthan it hadbeenin transonicflight.
However,thelongitudinalcontrolstill wasn'tasgoodasit wasatsubsonicspeeds.We
decided,consequently,thatthelongitudinalrate-dampingsystem(SAS)shouldnotbe
turnedoff atsupersonicspeeds.Ontheotherhand,atsupersonicspeeds,thepilots
felt comfortableaboutturningoff thelateral-directionalrate-dampingsystem(SAS),
forrollcontrolwassensitivewiththissystemoperatingandpilotshadtobeverycau-
tioustoavoidover-controllingin roll.

Aftertheside-stickandexperimentalcontrolsystemswereinstalledin 1972,the
final14flightsoftheM2-F3evaluatedthem.Generally,thepilotsweredisappointed
in theCommandAugmentationSystem(CAS).Bill DanahadhopedtheCASwould
improvethevehicle'shandlingcharacteristicsat transonicspeedduringtherocket-
burningphase.WhiletheCASdidimprovethelongitudinalcontrolin rate-command
modeslightly,it wasfarfromsatisfactory.Thepilotspreferrednottousetheangle-of-
attack-holdmode,for it did not workwell.Furthermore,the CASdid nothingto
improvelateralcontrol,alreadygoodusingonlythebasicSAS.It seemswehadcut
coststoomuchin developingtheCASandhadfailedtooptimizeitspotential.

The sidearmcontrollerselectedfor usewith the CASprovedto be too
rudimentary.Onespringin theside-stickprovidedbothforcegradientandbreakout
force.Adjustingonerequiredgreatcaretopreventvaryingtheother.Changingeither
parameterrequireddisassemblingthestick,threateningtheintegrityoftheassembly.
Weshouldhavelocatedordevelopedanelectricsidearmcontrollerwithexternaland
independentlyadjustableforcegradientsandbreakouts.

Thepotentialfor improvementin theCASwasneverfully achieveddueto the
poorphysicalcharacteristicsoftheside-stickplusthesystem'srequirementthatthe
pilotwearapressuresuit,whichnotonlylimitedmobilitybutalsoaggravatedtheneg-
ativeeffectsoftheside-stick.Nevertheless,thepotentialfortheCASwasrecognized.
In spiteofitsdrawbacks,thesystemwasawelcomedadditiontotheM2-F3.

TheON-OFF,or"bang-bang,"rocketreaction-controlsystemwasfirsttriedin roll
withpoorresults.Manualcontroloftherocketswastooresponsive,resultinginjerky
flying.LongitudinalcontrolwasnoteventriedforfearoflosingcontroloftheM2-F3.

In thereaction-controlsystemwithCAS,thepilot'sside-stickwasaproportional
controlwiththestick'spositioncommandinganangularroll rate.Testedin flight,the
CASrespondedtopilots'inputcommand,firingthecontrolrocketswithpulsestimed
togivethedesiredresultsinchangingorholdingthevehicle'sangularrate.Thesys-
temworkedbeautifullywithoutmovingtheaerodynamiccontrolsurfaces.Bill Dana
ratedthesystemasexcellent.Thesystem'squalityreflectedthelevelofachievement
possiblefromapplyingexperiencewithprevioussystemsfirstdevelopedattheFlight
ResearchCenterbackin thedaysbeforetheNACAbecameNASA,experiencethat
wasthenappliedontherocket-boostedF-104zoomaircraftandevenlateronthe
X-15andLunarLandingResearchVehicle.
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A refinementon thisrocket-controlsystemeliminatedunwantedyawmoments
whenapplyingroll control.Thesystemworkedalmostperfectlyin this modewhen
rocketswereneededonlyto changeroll rates.In the longitudinalmode,however,
excessiveuseoftherocketswasneededwhenthevehiclegotoutoftrimbyadjusting
thelongitudinalaerodynamicflap.Afurtherrefinementofthesystem,hadwehadthe
timeandmoneytoimplementit, wouldhavebeentocombinethelongitudinalreac-
tion-control rockets with the body's longitudinal flap in an automatic control system.

The M2-F3 flight-test program was almost over, and we were nearly out of money. So

we took what we had learned from the M2-F3, wrote our technical reports, and left the

potential for application of what we had learned in the hands of the designers of future

spacecraft. 8

8. Kempel, Dana, and Sire, "Flight Evaluationof the M2-F3;" and Alex G. Sim, "Flight-Determined
Stability and Control Characteristics of the M2-F3 Lifting Body Vehicle" (Washington, DC: NASA
Technical Note D-7511, 1973).
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CHAPTER 8

LIFTING-BODY RACEHORSES

By 1969-1970, the lifting-body program had become a major activity at the

NASA Flight Research Center, Ames, and Langley. The Air Force Flight Test Center

was vigorously supporting the flight-test part of the program for the M2-F3, HL-10,

and X-24A. However, I was becoming concerned that a disproportionate amount of

our effort was going into supporting only one type of lifting body.

The M2-F3, HL-10, and X-24A were configurations with high volumetric effi-

ciencies, best suited for shuttle-type missions in deploying satellites and in carrying

cargo and people to and from earth orbit. All three had hypersonic lift-to-drag ratios

between 1.0 and 1.4, permitting a potential cross-range capability of 700 to 1,000

miles--that is, they could range from 350 to 500 miles to either side of the orbital path

during re-entry. They also had adequate lift-to-drag ratios for landing.

To me, the M2-F3, HL-10, and X-24A were the lifting-body "plow-horses," and

I was becoming interested in a different kind of lifting body, a class of vehicles I con-

sidered the "racehorses." The shapes of these lifting bodies had high fineness ratios

with long pointed noses and flat bottoms. The more efficient of these shapes had

hypersonic lift-to-drag ratios as high as 3_0, allowing a total cross range of 3,000--the

ability to range 1,500 miles to either side of the orbital path. A hypersonic vehicle

with a lift-to-drag ratio greater than 3.0, of course, would be considered at the top of

its class in performance.

The "racehorse" class of lifting bodies could be used for special missions where

flexibility was required, being able to land any_'here on earth on short notice.

However, the slender shapes would not lend themselves to serving as efficient cargo

containers. While these vehicles would have high aerodynamic efficiencies at hyper-

sonic speeds, they wouldn't perform well at landing speeds and likely would need

some sort of deployable wings to land.

Two of these "racehorse" shapes were the Hyper III developed by NASA Langley

and the FDL-7 developed by the Air Force Wright Flight Dynamics Laboratory in

Dayton, Ohio. There is some question about whether the Hyper III and the FDL-7

were true lifting-body configurations since they both had small deployable wings used

for landing. Both can be called special forms of the lifting body, however, since the

small wings would be stowed during most of the projected re-entry flight before land-

ing. Another of the lifting-body features that each possessed was that, even with the

wings deployed, the body still dominated the aerodynamics of the total configuration.
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Model-Testing of Lifting-Body Spacecraft

By 1969, I was outside the mainstream of the on-going lifting-body program at the

Flight Research Center, busy looking at new concepts and projects further into the

future. Using the excellent radio-control equipment then becoming available to

model-airplane hobbyists, I teamed up with Dick Eldredge to conduct several experi-

ments in flying models of experimental spacecraft. We worked with what was called

the "de-coupled mode" in which the basic re-entry vehicle is flown down to a certain

point and then converted to a landing configuration by deploying either a gliding

parachute or wings of some sort.
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EldredgehadbeenthefirstresearchengineertojoinmyM2-F1lifting-bodyteam
sevenyearsearlier,andI still thoughtofhimasmy"little buddy."Althoughwehad
remainedin contactwitheachotherthroughoutthe lifting-bodybuildupprogram,
sincetheearlydaysof theM2-F1wehadnothadthetimetobrainstormtogether
aboutnewideas.ThissituationbegantochangeafterI gotoutofmanagementwiththe
lifting-bodyprogramin 1965and,by1969,I wasfreetothinkaboutnewideasagain.

OvertheyearsI haveoftencomparedtherelationshipbetweenmeandDick
Eldredgewiththatof theWrightBrothers.I thoughtof Eldredgeasbeinga sortof
brotheroffwhomI couldbounceideasandfromwhomI couldgetconstructivefeed-
back,muchastheWrightBrothersdid betweenthemselvesduringthefirstpartof
theircareer.Eventheprogressivechangesin ourcareersboresomeresemblanceto
thoseexperiencedbyOrvilleandWilburWright.At first,theWrightBrotherstreated
aeronauticsasa hobbyandhadfun. All innovationbegunearlyill their career
stopped,however,oncetheybecamebusinessmenandprojectmanagers.Theyhadno
timeforexperimentationorresearchoncetheyenteredcompetitionwithGlenCurtiss
andothersandbecameinvolvedwithlegallyprotectingtheir wing-warping and other

patents. By that time, aviation was no longer fun for the _¥ight Brothers. It had
become serious business.

I have noticed that the same changes often occur within the careers of many inno-
vative individuals who are motivated by fun as well as the satisfaction they receive

from creating something that has never existed before. When these people enter the

business world, they often become unhappy, their productivity diminishing. I believe

I made the right decision when I took Paul Bikle's advice in 1965 and got out of

management with the lifting-body program. When I returned to engineering, I essen-

tially returned to the realm of innovation.

As I learned from my own experience over the years, NASA Headquarters oper-

ates in such a way that priority and attention tend more easily to be given to large and

costly projects. Experiments or projects by two people or a small group generally do

not fit into the scheme of things at NASA Headquarters. In fact, until a project has

been supervised by NASA Headquarters, pondered for some time there, and then offi-

cially blessed, it usually is not considered important by headquarters people.

Nevertheless, the small projects that result from brainstorming at the NASA cen-

ters are often exciting for those who originate them and literally love the work they do.

I don't think, on the other hand, that most managers at NASA Headquarters trust those

who have too much fun while working. In fact, these managers coined the term

"hobby-shop projects" for referring disparagingly to projects originating outside of the

mainstream and control of the master plan.

Dick Eldredge and I, however, were intrigued with the idea of doing the first

flight-testing of a sleek "racehorse" configuration with a pointed nose, a design we

believed would give superior performance at hypersonic speeds. As we continued our

radio-controlled model flying of lifting-body spacecraft, we tested models of both the

"racehorse" Hyper III and the "plow-horse" M2-F2, using a Rogallo Limp Wing glid-

ing parachute for recovery.
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Wealsodesignedandbuilta specialtwin-engined,14-footmodelmothershipfor
carryingthelifting-bodymodelstoaltitudeandlaunchingthem,muchaswasbeing
donewiththeB-52forthefull-scaleliftingbodies.Weenvisionedfuturespacemis-
sionswheretheremightbeaneedtousethevehicle'shypersoniclateralcross-range
capabilitytoreachameadowin Alaska,forexample,andlandthevehicletheresoft-
ly andslowlybymeansofaglidingparachuteforsomecovertmilitarymission.Our
imaginationsalsocameupwithamissionthatusedthehypersoniclateralrangeofthe
vehicletotakeaninjuredastronautbacktoearth,landinginafieldnearthehospital
bestabletoprovidethecareneeded.

Oneof uswouldfly themothershipbyradio-controlwiththelifting-bodymodel
attachedto its bellywitha hookactivatedbyremotecontrol.Theotherwouldtake
chargeof theexperimentallifting body,flyingit afterair-launchonits ownaerody-
namics,then controllingit throughsteeringcontrollines to a landingon its
glidingparachute.

Wefoundthatthe HyperIII's extremelylow lift-to-dragratioof 2.5madeit
impracticaltolandwithouteitheraglidingparachuteordeployablewings.Weexper-
imentedwiththreetypesofdeployablewingsfortheHyperIII. Thefirstwasapairof
switchbladewingsthatpivotedoutof slotsin thelowerpartofthebody.Thesecond
wasa one-piecewingthatpivotedin thecenterandwasstowedin theupperportion
ofthebody,therighthalfof thewingexitingfromaforwardslotononesideandthe
lefthalfexitingfromarearwardslotontheotherside.Withthissecondtypeofwing,
afterrotating90degrees,thefinalconfigurationforlandingwasastraightwingmount-
edhighonthebody.

ThethirdtypeofwingwetriedwasthePrincetonSailwingthathadbeentested
in theNASALangleyfull-scalewind-tunnelonaconventionalgliderfuselage.The
SailwinginvolvedtwoD-shapedsparsstowedin two slots in the body and deployed
like a switchblade wing, with trailing edge cables pulling taut from a tip rib and

stretching upper and lower fabric membranes from the spar to the cable. The fabric

surfaces would then curve upward, like sails on a boat, forming a cambered airfoil and

producing positive-lift airflow over the wing.

Hyper lII and Parawing

Our second type of deployable wing--the one-piece pivoted design--proved to be
the best of the three for actual flight. NASA Langley conducted wind-tunnel tests on

the Hyper Ill without the wing up to Mach 4.6, followed by tests with tile

wing deployed at subsonic speeds. I put together a plan for building a full-scale vehi-

cle at low wing-loading similar to the M2-F1. However, I proposed to fly it without a

pilot onboard. The idea of flying unpiloted vehicles at the Flight Research Center was

unpopular, especially with the pilots. Paul Bikle would approve the plan only if I

would build the vehicle so that a cockpit could be installed for a pilot to fly it after the

initial tests were completed. Later, an X-15 type of canopy would be added slightly

forward of the wing to balance the piloted version.
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In spiteof the successof theon-goingrocket-poweredlifting-bodyprogram,
NASAHeadquartersstill wasnottolerantofprogramsassmallasthatoftheoriginal
liftingbody,theM2-F1.Forthisreason,I wasveryinterestedin developingaflight-
testapproachwiththepilotdoingtheearlyhazardousflighttestsin asimulator-type
cockpitontheground.Thisapproachwouldputusin abetterpositionlaterforget-
tingapprovalforthemoreexpensivepilotedflighttests.

I managedto convincePaulBiklethatthisapproachhadmeritandweoughtto
giveit atry.However,theideawentoverlikealeadballoonwiththepilots.Intheend,
I hadto turnonceagainto Mih Thompsonfor help.EventhoughThompsonhad
retiredfromflying,hewasintriguedwiththeideaandofferedtoflytheHyperIll from
aground-basedcockpit.

Bythisstagein 1969,I hadtwoprojectsdevelopingatthesametime.Theglid-
ingparachuteteststhatDickEldredgeandI hadbeendoingwithspacecraftmodels
hadattractedtheinterestof theNASAJohnsonSpaceCenter.I discussedouruseof
thelimpRogalloparachutein recoveringspacecraftmodelswithMaxFaget,Johnson's
directorof engineeringwhohadplayeda majorrolein designingcrewedspacecraft
startingwithProjectMercury3Notyetacceptinghorizontallandingasappropriatefor
thenextspacemission,Fagetatthetimewasstill backingglidingparachuteconcepts
suchasthe"BigG,"atwelve-astronautversionoftheGeminispacecapsulewithone
astronautsteeringthecapsuletoflareandlandingatagroundsite.

WhiletalkingwithFaget,I offeredto developa one-pilottestvehiclethatcould
belaunchedfromahelicopterandusedtotestapilot'sabilitytofly thevehiclewhile
lookingthroughtheviewingportstypicalofspacecraft.I suggestedwefly thevehicle
atfirstbyradio-controlwithjustadummyonboarduntil it wasdeterminedtobesafe
tofly.Fagetjusthappenedtohavea borrowedNavySH-3helicopterthatwasbeing
usedtopracticefishingApolloastronautsoutofthewater.Enthusiasticaboutmyidea,
Fagetofferedto let ushavethehelicopterfor a month,plusenoughmoneyto buy
large-sizedRogalloParawingsfortheproject.

PaulBikleapprovedourParawingProject,asit wascalled,andassignedNASA
pilotHughJacksontoit. Althoughhewasthenewkidontheblockamongtheother
NASApilots,Jacksonwasconsideredtheresidentexpertinparachuting,havingpara-
chutedfouror fivetimes.Atbest,Jacksonwaslukewarmaboutparticipatingin the
ParawingProject.Helikelyacceptedtheassignmentbecausehewasn'tyetallowedto
fly theNASAresearchaircraft.

DickEldredgedesignedthevehiclefortheParawingProject.It wasbuih in the
shopsat theNASAFlightResearchCenter.Sincewewereexperiencedscroungers
andreeyelersbythistime,weusedsurplusenergystrutsfromtheApollocouchesin
thevehicletosoftentheloadonthepilotinhardlandings.TheM2-F2launehadapter
notbeingusedwiththeB-52,weusedits pneumatichook-releasesystemtolaunch

1. See Henry C. Dethloff, Suddenly Tomorrow Came .... 4 History of the Johnson Space Center

(Washington, DC: NASA SP-4307, 1993), esp. pp. 62_5.
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thevehiclefromthesideoftheSH-3helicopter.Forthetestconfiguration,weuseda
genericlifting-bodyogiveshapewith Geminiviewingports.Weattachedlanding
skidswith ener_ strapsto an internal aluminum structure containing the pilot's

Apollo couch. A general-aviation auto-pilot servo was used to pull down on the para-

chute control lines. The pilot used a small electric side-slick to control the servo.

The plan was that before putting a pilot onboard, we would launch the lifting-body

with the dummy in the pilot's seat off the side of the helicopter, deploy the parachute,

then steer the vehicle to the ground by radio-control, using model-airplane servos to

move the pilot's control stick. We even tied the dummy's hands in its lap so it would

not interfere with the control stick. Measured accelerations in the dummy and on the

airframe were transmitted to the ground to record shock loads as the parachute opened

L
Ilyper III with single piece, pivot wing installed. Flexible Princeton sadwing is on the ground to be installed

for future tests (never performed), and one of the fabricators of the llyper IIl, Daniel C. Garrabrant, is

standing next to it. (NASA photo E69 20464)

and the vehicle made ground contact. By moving the pilot's stick directly with the

radio-controlled servos, we qualified the entire control system downstream of the

pilot's control stick.
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DickEldredgestayedwiththeParawingProjectuntil thesystemhadbeenqual-
ifiedforpilotedflightfollowing30successfulradio-controlledflights.HughJackson
wasgettingreadytomakehisfirstflightin thevehiclewhentheNASAJohnsonSpace
Centerdecidedthatthenextpilotedspaceprogramwouldnotmakeuseofagliding
parachutesystembut wouldusea horizontal-landingspacecraftinstead.I think
Jacksonwasrelievedwhenheheardthisnewsthatmadehisflightunnecessary.A few
monthslater,heleftthepilotsofficeattheNASAFlightResearchCenter.

Hyper III Team

Meanwhile, Dick Fischer had himself assigned as the operations engineer on the

Hyper Ill. Fischer had other aircraft obligations, but his bosses agreed to the assign-

ment after I had accepted the decision of management at the Flight Research Center

that the Hyper III program would be conducted on a low-priority basis. A long-time

friend of mine and a model-airplane flying buddy, Dick Fischer was also an excellent

designer of home-built aircraft who restored antique aircraft in his spare time.

Together, Fischer and I recruited Bill "Pete" Peterson, a control-system engineer

on the X-15 program, to help design the control system for the Hyper III. Peterson had

worked earlier for Honeywell in Minneapolis, designing the adaptive control system

for the X-15. As a Honeywell employee, he had come initially to the Flight Research

Center during the X-15 flight tests to help NASA with operating the X-15's control

system. He was then hired by the Flight Research Center to continue working with the

control system on the X-15 and other aircraft. Peterson managed to find time to help

us with the Hyper III, despite the fact that he was involved with four other aircraft at

the Flight Research Center at the time.

On the Hyper III, I managed to use volunteers in the same way I had originally
with the M2-F1, thanks to the influence of Paul Bikle. As in the days of the M2-F1,

we found that NASA supervisors were tolerant when engineers such as Pete Peterson

wanted to work on volunteer projects like the M2-F1 or Hyper III and could do so

while still meeting their obligations on assigned projects.
Dick Fischer designed the structure of the Hyper III, and the vehicle was built in

the NASA shops. When finished, it was 35 feet long and 20 feet wide at the tail sur-

faces. The fuselage was basically a Dacron-covered steel-tube frame, the nose

was made out of molded fiberglass, and the four tail surfaces were constructed of

aluminum sheet-metal. The aluminum wing was built from the wing kit for an

HP-11 sailplane.
Frank McDonald cut and fitted the steel-!ube body, and Howard Curtis did the

welding. NASA aircraft craftsman Daniel "Danny" Garrabrant--a highly skilled
builder of model aircraft and of home-built wooden and aluminum full-size

sailplanes--assembled the wing for the Hyper III. LaVern Kelly assembled the vehi-
cle's sheet-metal tail surfaces.

Many of the people who worked on the M2-F1 worked as well on the Hyper III,

including aircraft inspector Ed Browne and painter Billy Shuler. We worked closely
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with theNASAfabricationshopsto gettheHyperIII structurecompletedwithout
interferingwiththeshops'workonother,prioritizedprojects.WiththeX-15program
windingdown,I managedtorecruitevenmoretalentedvolunteerstoworkpart-time
ontheH}33erIII, includingcrewchiefHermanDorrandmechanicsWillardDives,
Bill Mersereau,andHerbScott.

Ourskillsinscroungingandrecyclingcameinhandyinbuildingthecontrolsys-
temfortheHyperIII, whichwascomposedofanuplinkfroma Kraftmodel-airplane
radio-controlsystem.Thecontrolsurfaceoneachof thetwoelevonswasdrivenbya
surplusminiaturehydraulicsystemfromtheAirForce'sPRIMElifting-bodyprogram.
Thehydraulicsystemwasa battery-drivenpumpthathadrun twoactuatorsfor the
elevonsonthePRIMEvehicle.

Petersoncleverlydesignedthe systemto operatefromeither of two Kraft
receivers,dependingonthestrengthof theradiosignalat thetopor bottomof the
HyperIll, onereceivermountedonthetopandtheothermountedonthebottomof
thevehicle.If eitherreceivermalfunctionedorpickedupabadsignal,anelectronic
circuitswitchedto theotherreceiver.Signalsfromtheoperatingreceivercontrolled
thetwoelevonsurfacesdrivenbyhydraulicactuators.Atalentedhydraulicsengineer,
KeithAndersonmodifiedthePRIMEhydraulicactuatorsystemfortheHyperIII.

In casewelostcontrolduringtheflighttests,wemountedanemergencypara-
chute-recoverysystemin thebaseofthevehicle.It consistedof adroguechutethat
firedaft,extractinga clusterof threeparatrooper-typechutesthatwouldlowerthe
vehicleontoitslandinggear.TheNorthropsupportcontractstill ineffect,I managed
togetthehelpof Northrop'sDaveGoldfor afewweeks.A topparachutedesigner,
GoldhaddonemostofthedetaileddesignoftheparachutesystemusedontheApollo
spacecraft.GoldandJohnRifenberryfromtheNASApilots'life-supportshopworked
steadilyfortwoweeksat thesewingmachinesin Rifenberry'sshopwhilecompleting
thevehicle'sparachute-recoverysystem.TheFlightResearchCenter'sexperton
pyrotechnics,ChesterBergnerassumedtheresponsibilityforthedroguefiringsystem.

Wetestedtheemergencyparachute-recoverysystembypullingtheHyperIII on
aflatbedtruckandfiringthedrogueextractionsystemwhilewewereracingacrossthe
dr)'lakebed,butaweaklink keptthethreemainparachutesfromjerkingtheHyper
III offthetruck.Wethentestedthe clustered main chute by attaching it to a weight

that equaled that of the Hyper III and dropping it from a helicopter. We were very for-

tunate that the emergency parachute-recovery system never needed to be used.

With the help of Don Yount as instrumentation engineer and Chuck Bailey and
Jim Duffield as instrumentation technicians, a 12-channel FM/FM down-link teleme-

tering system recorded data and drove instruments in the ground cockpit. Assembled

by Tom McAliste_, the ground cockpit was made out of plywood and looked somewhat

li_e aRoman c_ariot when it was hauled out to the landing site on a two-wheeledtrail-

er. The instruments in the ground cockpit were identical to those in our fixed-base

simulator. In the center of the display, an artificial-horizon ball indicated roll, pitch,

heading, and sideslip. Other instruments in the ground cockpit showed air speed, alti-

tude, angle of attack, and control-surface positions.
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First Hight of the Hyper III

Bruce Peterson piloted the borrowed Navy SH-3 helicopter that towed the Hyper

III aloft for its first flight on 12 December 1969. A Marine Corps pilot before joining

NASA, Peterson continued to fly helicopters and jet fighters in the Marine reserves on

a restricted basis following the M2-F2 crash that cost him his vision in one eye. After

the crash, Peterson also flew support aircraft during various NASA flight-research

missions, although he was not allowed to fly the actual research aircraft. The first flight

of the Hyper III was the last lifting-body mission in which Bruce Peterson and Mih

Thompson would directly participate.

After liftoff, with the Hyper III attached to the helicopter at the end of a 400-foot

cable, Peterson had a difficult time getting the Hyper III to track straight on the end
of the tow-line. Afterwards, we realized that we should have installed a small drag

chute on the Hyper Ill that could have been jettisoned after launch. As Peterson

struggled to get the vehicle to track straight, Mih Thompson sat in the ground

cockpit located beside the planned landing site on the lakebed, relaxed and smoking

a cigarette.
After starting and stopping forward flight several times during the climb, Peterson

eventually got the Hyper III to stabilize in a forward climb. When Peterson radioed

that he was ready to launch, Thompson flipped his cigarette onto the lakebed and

hunched over the controls, intently ready to fly the Hyper III. Peterson towed the

Hyper III to 10,000 feet above the dry lakebed, where the Hyper Ill was released from

the tow-line by an electric cargo hook. For this first flight, the Hyper III was flown with

the wing fixed in deployed position, the configuration that would be flown in a final

low-speed approach and landing after re-entry from space.

Peterson dropped the Hyper III in forward flight on a downwind path with a

northerly heading, Thompson controlling the Hyper III from the ground cockpit.

Thompson flew the vehicle in a glide three miles north, guided it into a 180-degree

turn to the left, and then began steering it the three miles to the planned landing site.

During the straight portions of the flight, Thompson had performed research doublet
and oscillation maneuvers so we could extract aerodynamic data following the flight.

Since Thompson was flying strictly by instrument flight rules in the ground cock-

pit with his head down, I asked Gary Layton in the control room at the Flight Research

Center to watch a radar plot board and guide Thompson by radio to landing position.

Layton had often helped lifting-body pilots in this way in the past as they steered to

landing sites on the lakebed runways. Since we had no experience yet in landing

unpiloted vehicles at the Flight Research Center with the use of onboard video, we

had not installed a forward-looking video camera in the Hyper III. Dick Fischer was

standing beside Thompson in the ground cockpit to take control of the Hyper III just

before the landing flare, using the model-airplane radio-control system's box during

the landing-flare maneuver to touchdown.
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AlthoughtheskyoverEdwardsAir ForceBaseis oftenclear,onthisparticular
dayin December,theskywashazywithmoisture.WhiletheHyperIII couldbeseen
fromthegroundcockpitwhenit wasoverhead,it couldnotbeseenthroughthehaze
whenit wasslantedat ananglethreemilesaway.Withoutvisualcontactwith the
HyperIII, FischerhadtorelyonThompson'scommentstoknowhowthevehiclewas
flying,Thompsonsteadilywatchingthegaugesin thecockpit.

Onthefinalapproachto landing,withThompsoncallingoutaltitudes,Fischer
strainedtoseetheHyperIII throughthehaze.AstheHyperIII brokethroughthe
hazeatabout1,000feet,Dicksaid,"I seeit!" Thompsonreplied,"You'vegotit!" and
switchedcontroltoFischer'smodel-airplanecontrolbox.

Noticingnoresponsefromthevehicleascontrolwastransferred,Fischerdelib-
eratelyinputaroll toverifythatheindeedhadcontrolbeforeheexecutedtheland-
ing flare.Still monitoringthegauges,ThompsontoldFischerthatthevehiclewas
rollingleft, andFischerrepliedthat,yes,hehadcommandedit toroll. Nowcertain
thatthevehiclewasrespondingtohiscontrol,Fischerusedthepencil-sizedcontrol
sticksonhisboxtobringtheHyperIII levelandcompletetheflaretoa softlanding.
TheHyperIII slidsafelytoastoponits threeskids,landingonthelakebedin front
ofFischerandThompsonin thegroundcockpit.

WeweregratifiedbythesuccessfulfirstflightoftheHyperIII, havinggottenthe
flightscheduledatourlastpossibleopportunityforusingtheSH-3helicopterbefore
it wasreturnedthenextdaytotheNavy.Later,asquotedinapaperthat I presented
atanAIAAconference,ThompsondescribedhisexperienceflyingtheHyperIII from
thegroundcockpit.

"Duringmyfirstattemptsto changethevehicle'sheading,"Thompsonsaid,"the
vehicleappearedto bemarginallystableorevenunstablein roll.Vehiclemotionsin
responsetoroll-controlinputseemedtobeerraticandmuchtoorapidwhencompared
tothesimulation.Whenfacedwitha situationofthis typein aflightor ina simula-
tor,I havealwaysfoundthebestprocedureis toletgoofthecontrolstickmomentar-
ily to determinewhetherthevehicleis inherentlystable.TheHyperIII motions
dampedimmediately'afterthestickwasreleased,indicatingadequatelevelsof sta-
bility anddamping.I hadsimplybeenover-controllingandexcitinga pilot-induced
oscillation.Theover-controllingresultedfrommuchhigherroll-controleffectiveness
thanhadbeenpredicted.''2

Thelift-to-dragratiooftheHyperIII turnedouttobelowerthanexpected.Rather
than5.0maximum,it provedtobe4.Thompsonhadhadtostretchtheglideasmuch
aspossibletobringtheHyperIII closeenoughfor DickFischertobeableto seeit
andlandit. Twice,asThompsonpointedout,theflighthadshownthataresearchpilot

2. R. Dale Reed, "RPRVs: The First and Future Flights," Astronautics _ Aeronautics

12 (April 1974): 31-32.
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could use actual flight experience to compensate for significant deficiencies in or

departures from predicted aerodynamic characteristics.

Before the flight, Thompson had worried that the lack of motion cues, particular-

ly during short-period motions of the vehicle, might hurt his performance in piloting

the Hyper III from the ground cockpit. "This apprehension was quickly dispelled

once the vehicle was launched," Thompson said. "It seemed very natural to fly the

gauges, just as in the simulator, and respond to what I saw rather than what I felt."
What Thompson found surprising were his reactions during the flight. "I was real-

ly stimulated emotionally and physically, just as in actual first flights," he said. After

noting that he had made the first flights in such "strange vehicles" as the

Paresev and the M2-F1, he said, "Flying the Hyper III from a ground cockpit was just
as dramatic."

In explaining how the experience differed from flight simulators, Thompson said,

"I have flown many different simulators with and without motion and visual cues,

including centrifuge and airborne simulators. Although some provided a lot of real-

ism, none stimulated me emotionally. I always knew I could hit the reset button, or in

the airborne simulators, turn the vehicle back to the conventional testbed aircraft

characteristics. There was no question with the Hyper III. I, and only I, had to fly it

down to the landing location."

According to Milt Thompson, his experience in flying the Hyper III "tends to con-

firm the theory that responsibility rather than fear for personal safety is the real dri-

ver of physiological response. ''3

NASA Headquarters Says "No" to Hyper IlI Piloted Flights

Our single flight of the Hyper III produced good aerodynamic data and demon-
strated that the vehicle was safe to fly. By early 1970, I had located in Arizona the

ideal aircraft for launching the Hyper III in a piloted flight program, an Air Force

Albatross SA-116B seaplane with low flight time that had never been in the water, had
no corrosion, and was in excellent condition. The aircraft was available to NASA as

Air Force surplus. The Albatross had sufficient structure, control authority, and per-

formance capability for carrying the Hyper HI aloft under its wing at the 2,000-pound

drop-tank location for air launch at 15,000 to 20,000 feet.

Paul Bikle asked NASA Headquarters to substitute the Albatross for the C-47

currently in use at the Flight Research Center as a utility aircraft. Trading the C-47
for the Albatross on a one-to-one basis would involve no additional cost to aircraft

operation at the Flight Research Center. We could also make better use of the
Albatross than the C-47, for only the Albatross could serve a dual purpose, being used

as a utility aircraft when it wasn't being used in air launches.

3. Quotationsfromlhe preceding fourparagraphs all in Reed, "RPRVs," p. 32.
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Retired M2-FI, llyper 11I, trod remote control model._ on disphty. ('_'A,q | photo ECTO 2,150)

Bikle's request was turned down. By 1970, NASA Headquarters was eaughI up in

the throes of internal politics, flexing its muscles as it cut authority within the various

NASA centers for planning their o_m research. Without a launch vehicle such as the

Albatross, the Hyper lII would never achieve piloted flight. In this wa), the Hyper IIl

fell victim to political currents wilhin NASA Headquarters.

Tile Hyper III program had three strikes against it. First, it was too low-cost to gel

tile attention and support of NASA Headquarters. Second, it had heen flight-tested as

an unpiloted vehicle first, taking away some of the luster it would olhen_'ise

have had if first flown as a piloted vehicle. Third, it was a variable-geometry

configuration, making it less competitive in weight and complexity than the simpler

lifting-hody configuralions.

Paul Bikle was reD" upset when NASA tleadquarters rejected his request for the

Albatross. He saw tile Albatross as a tool for the Flight Research Center and, as the

director of the Center, he feh he shouht l)eahle to select his own tools, especially

when a tool was not going to cost NASA extra money. At the time, I think he was also

seeing the writing on the wall, sensing that he no longer fit in the more bureaucratic

NASA of the 1970s. It was only about a year later---on 31 May 1971--that Paul Bikle
retired from NASA.
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78o X24-B

° side

Schematic showing the X-24A conversion to the X-24B. This was a cost-saving approach to list, the same sys-

tems for both configurations.

A Racehorse of Another Color: the X-24B

While we were still involved with the Hyper IIl, Alfred Draper and others at the

Air Force Flight Dynamics I,aboratory in Ohio had come up with an idea for recycling

the X-24A by wrapping a new shape around it. They found that the new configuration

could achieve hypersonic lift-to-drag ratios near 2.5, putting it into tile same "race-

horse" category of lifting body as the Hyper lII which, before its wing was deployed

for landing, had a hypersonic lift-to-drag ratio near 3.0. The other lifting bodies--the

M-2, HL-IO, and X-24A--had hypersonic lift-to-drag ratios between 1.2 and 1.4.

A distinct advantage over the Hyper III was that the new X-24A wrap-around-

shape designated the FDI,-8 could achieve a landing lift-to-drag ratio of at least 4.0

without variable geometry. The more slender shape of the Hyper III gave it the high-

er hypersonic lifl-to-drag ratio of the two lifling-body shapes. However, the Hyper III

had a landing lift-to-drag ratio near 2.0, making it necessary to use a deployable wing

to ])ring the vehicle's subsonic lift-to-drag ratio up to near 4.0 for landing.

AI Draper and his colleagues at the Air Force Flight Dynamics LaboratoD'

believed that flat-bottomed pointed shapes like the FDL-8 wouht prove to be useful

not only for sustained hypersonic-cruise aircraft using air-breathing propulsion but

also for unpowered boost-glide orbital re-entry vehicles capable of landing at virtual-

ly any convenient airfield. Furthermore, the long flat under-surface of the FDL-8

would make an ideal compression ramp for the inlet of a future supersonic combus-

tion ramjet engine operating at speeds up to Math 8.
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AtEdwards,NASAdirectorPaulBikleandBobHoey,managerof the Air Force's

lifting-body program, endorsed the idea. Always attuned to thrift, Bikle was in favor

of ideas that saved government money by getting the most research out of each dollar

spent, the same reason why he had readily endorsed my ideas for saving money by

recycling rocket engines and sharing launch aircraft with other programs.

At this point, a critical stumbling block appeared. Major General Paul T. Cooper,

chief of research and technology development for the Air Force, rejected the idea of

using the X-24A as a basis for the test shape that would later be designated the X-

24B. Clearly opposed to the entire flight-test concept, he asked that the proposal be

reviewed by a joint panel of the Air Force Scientific Advisory Board and the National

Academy of Sciences. A1 Draper and Bob Hoey briefed the panel on the concept. The

panel concluded that the Air Force could not afford to do without the project. Thus

securely endorsed, the plan advanced rapidly.

By the end of August 1970, the directors of both the NASA Flight Research

Center and the Air Force Flight Test Center at Edwards had agreed that such a pro-

gram was worthwhile. However, Air Force Systems Command delayed approving the

program until suitable arrangements had been made for joint funding by NASA and

the Air Force. Paul Bikle asked John McTigue to work with Fred DeMerritte at NASA

Headquarters to come up with the money needed to get the program started. Thanks

to the teamwork of McTigue and DeMerritte, NASA transferred $550,000 on 11 March

1971 to the Air Force to initiate acquisition of the aircraft. The Air Force pledged a

similar amount. Finally, on 21 April 1971, the director of laboratories for Air Force

Systems Command approved the program. On 4 June 1971, the X-24A completed its

last flight.

On 1 January 1972, the Air Force awarded the modification contract to the Martin

Marietta Corporation. A month later, on 4 February, Grant L. Hansen, the Air Force's

assistant secretary of research and development, and John S. Forster, Jr., the director

of defense research and engineering, signed a memorandum of understanding

between the Air Force and NASA on conducting the X-24B program as a joint

Air Force/NASA lifting-body venture. The memorandum was also signed by

George M. Carr, NASNs deputy administrator, and Roy P. Jackson, NASNs associate

administrator for advanced research and technology. The memorandum marks the offi-

cial beginning of the X-24B program. Modifying the X-24A into the X-24B meant that

the new research aircraft would cost only $1.1 million. The same vehicle, built from

scratch, might have cost $5 million.

At the Air Force's Arnold Engineering Development Centel, hypersonic wind-tun-

nel tests on a model of the X-24B indicated that the proposed shape performed well

at those speeds. As usual, the big question was what would happen to performance

when the vehicle decelerated to much lower velocities. Many, including Fred

DeMerritte, expected surprises as the vehicle passed through the transonic range.
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X-24B as dolivered to Edwards. Notice that the original X-24A is completely disgaised inside of the X-24B

shape. (NASA photo E73 25283)

X-24B Shell Arrives at Edwards

On 24 October 1972, the X-24B shell built around the structure of the X-24A

arrived at Edwards Air Force Base, delivered by Martin Marietta's Denver plant.

Systems for the X-24B were delivered separately. The structure had grown an addi-

tional 10 feet in span and 14.5 feet in length. It weighed 13,800 pounds at launch, the

X-24A having weighed approximately 12,000 pounds. The X-24B had a 78-degree

double-delta planform for good center-of-gravity control, a boat-tail for favorable sub-

sonic lift-to-drag ratio, a flat bottom, and a sloping three-degree nose ramp for hyper-
sonic trim. The sides of the forebody aft of the canopy were sloped 60 degrees relative

to the Y-plane (lateral, or left-to-right, axis).

The aerodynamic design features of the X-24B were quite distinct from those of

the X-24A. Like the earlier lifting bodies, however, the X-24B also used several off-

the-shelf components. Portions of its landing gear, control system, and ejection sys-

tem came from the Northrop T-38, the Lockheed F-104, the Martin B-57, the

Grumman FllF, the Convair F-106, and the North American X-15. It had an LR-11

rocket engine and Bell Aerosystem landing rockets.

Although the basic systems in the X-24B were the same as those in the X-24A,

several upgrades and additions were made in the propulsion system, control system,

and nose landing gear. The LR-11 rocket engine was modified, the vacuum thrust

increased from 8,480 to 9,800 pounds by increasing chamber pressure and adding
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nozzleextensions.Tileenginestartedat a lower thrust level with thrust increased after

the engine was stabilized.
Two outboard ailerons were added to the eight control surfaces that had been on

tile X-24A. Tile HL-10 also had ten control surfaces (the subject of the standing joke

that HL-10 stood for "Hinge Line Ten"). The two new control surfaces on the X-24B

were used only for roll control with a plus or minus five-degree pitch bias feature.

Unlike the X-24A, the X-24B's split upper and lower body flaps were not used for roll

control. The pitch control and shuttlecock biasing of the X-24B, however, were the

same as on the X-24A. The triply-redundant rate-damping system used in the X-24A

was retained in all three axes on the X-24B with variable gain control by the pilot.

Most of the other control system features of the X-24B, including the hydraulic power

supply and rudder biasing linked to the body flap biasing for transonic stability, were

the same as on the X-24A. Tile biasing on the X-24B could also be used by the pilot

for speed brake control.

Basically the same automatic aileron-rudder interconnect system was used in

both the X-24B and the X-24A, although the system in the X-24B had more flexibil-

ity in operation. The amount of interconnect was automatically programmed as a func-

tion of angle of attack. As in the X-24A, the pilot could select two interconnect

angle-of-attack schedules, a high-gain one for transonic-supersonic conditions and a

lower-gain one for control at subsonic speeds. The pilot could also use a manual inter-

conncct mode as backup to the automatic scheduling or for special test maneuvers.

The X-24B retained the T-38 main landing gear that had been used in the X-24A.
However, unlike the X-24A, the X-24B used a modified Grumman F-I 1F-1F nose

gear. The combination resulted in an unusual arrangement of landing gear, similar to

but not as extreme as that on the X-15. The main gear on the X-24B was significant-

ly aft of the landing center of gravity, and the three-point attitude was nose low.

The landing gear was a quick-acting (approximately 1.5 seconds) pneumatic system.

The main gear deployed forward, the nose gear aft, minimizing not only the movement

in the center of gravity but also the change in longitudinal trim. From the cockpit, the

pilot could actuate the lamling gear only to the down position.

While the cockpit controls and instruments were basically the same in both the

X-24A and X-24B, the X-24B alone had an F-104 stick-shaker. The shaker actuated

at 16 degrees angle of attack Io warn the pilot that the vehicle was approaching an

area of reduced pitch stability. Later in the X-24B flight-test program, to provide addi-

tional sideslip monitoring for the pilot, an audio sideslip warning system was added.

X-24B Team: Preparing for Flight Tests

Following the end of the X-24A flight-test program on 4 June 1971, the X-24A

crew, led by operations engineer Norm DeMar, was disbanded for 16 months while
Martin Marietta was contracted and the X-24A was transformed into the X-24B.

During this lime between the disbanding of the X-24A crew and the formation of the

X-2.IB crew, DeMar lost his X-24A crew chief, Jim Hankins, to the new Digital-Fly-

170



WINGLESSFI,IGHT

By-Wire(DFBW)programthat,usingan F-8 fighter as a test-bed, would create the

worhl's first fully digital tly-by-wire aircraft (i.e., one without a mechanical back-up

system). In the F-8 fighter used in the DFBW program was a reprogrammcd version

of the computer used earlier to control the Apollo Lunar I.anding Vehicle, another

example of the sort of cost-savings practiced at the Flight Research Center by recy-

cling equipment from earlier projects into new ones.

Many of the X-24B crew recruited by Norm DeMar had experience with rocket-

powered aircraft, having been on the crews of either the X-24A or the X-I 5. Charley
Russell, a crew chief on the X-15, became crew chief for the X-24B. Three of the X-

24A mechanics--Mel Cox, John Gordon, and Ray Kellogg--were assigned as well to

the X-24B crew. Other X-24B crew members included inspector Bill Bastow, instru-

mentation inspector Dick Blair, and aircraft inspector Gaston Moore.

DeMar and the X-24B crew managed to install systems in the X-24B and prepare

for systems tests by February 1973, just three and a half months after Mallin Marietta

had delivered the X-24B as an empty shell. Rather than full-scale wind-tunnel tests,

a very detailed set of eleven types of ground and captive-flight tests was scheduled by

the two X-24B program managers, NASA's Jack Kolf and the Air Force's Johnny

Armstrong, to be done during the six months between February and August 1973

before the first glide flight.

During structural resonance tests on the X-24B's control system, we found an

unacceptable resonance in the ailerons. It was a purely mechanical resonance, sus-

tained solely by the actuator amt its linkage. To eliminate it, we added a mechanical

damper to the actuator's servo valve.

We ran ground vilu'ation tests on the horizontal and vertical tail surfaces to

verify flutter clearance margins. Since the results were significantly different fi'om the

predicted mathematical model used hy Martin Marietta, we reran the flutter analysis

using the experimentally determined model data, finding flutter margins to

be adequate.

To establish the relationships between applied loads and strain gauge responses,
we did structural loads calihration tests on all ten movable control surfaces as well as

on the left fin and strake. For use later in interpreting flight results, we also measured

the outputs of strain gauges and derived the appropriate load equations.

As had been done on the earlier iifting bodies, the X-24B was hung at different

angles to determine the vehicle's center of gravity, then crosschecked by weighing the

vehicle while it was balanced on each wheel and tipped at various angles. We used

the "rocking table" technique to determine pitch and roll inertias. The vehicle was

also hung on a cable and oscillated, using springs attached at both ends of lhe

vehicle, to determine yaw inertia and the product of inertia, the coupling between roll

and yaw.

On the X-24B, we expected very high landing-gear loads during X-15-1ike "slap-

down" landings due to its long nose, fbnvard center-of-gravity relative to the location

of the main gear, and its increased weight--l,800 pounds more than the X-24A.

To provide additional tire capability, we had selected 12-ply T-38 tires for the X-24B,
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ratherthanthe10-plytiresusedontheX-24A.Duringdynamicloadtestsonthetires
at"g'_ightPattersonAir ForceBase,however,thetreadrepeatedlyseparatedfromthe
tirecasingat theanticipatedloading.Latertestsshowedthatshavingthetreadfrom
thetirethroughthefirstplyresultedinsatisfactorytireperformance.Asaresult,we
decidedthatanewsetofshavedtireswouldbeusedforeachflightoftheX-24B.

Duringdrag-loadtestson the maingear,we foundthat the down-loadlock
releasedwhenpredicteddragloadswereapplied,whichcouldresultin gearcollapse
dininglanding.Thecrewreworkedthelockingdevicesothatit wouhtmaintaina
securelylockedposition.

Wedid"slap-down"testsonthenosegeartoverifythestrengthofthenewback-
upstructureaswellastheenergy-absorbingcapabilityof thenosegearandnew
meteringpinsin theX-24B.Forthesedroptests,weelevatedthenoseof thevehicle
withthemaintiresrestrainedandthenreleasedthevehicIefromincreasingheights.
Toproduceappropriatenose-geardragloads,werotatedthenosetireswithaspin-up
devicepriortoeachrelease.Duringthesetests,thestructureandnose-gearperfor-
manceprovedtobesatisfactory.

FlutterwhiletheX-24Bhungin pre-launchpositionunderthewingoftheB-52
couldcausestructuralfailureontheB-52.Therefore,vibrationtestswereconducted
ontheB-52withtheX-24Bhangingin launchpositionthatassuredusthatnoflutter
wouldoccurin flightfromtheB-52'swing,thelifting-bodyadapter,ortheX-15pylon.

Werana seriesof taxi tests with incremental increases in speed to test for nose-

gear shimmy, which we felt was possible due to the X-24B's nose-gear steering that

made it distinctly different from the other lifting bodies. The other lifting bodies had

had nonsteerable dual nose wheels that aw_ided all possible shimmy problems. Our

primary concern with the X-24B's nose-gear steering was that the nose gear or

backup strncture might fail if severe shimmy occurred in the nose gear at touchdown

on the first flight, given the dynamic load added to the already high landing loads that

we expected.

Eight taxi runs were made at speeds from 40 to 150 knots, using the main LR-11

rocket engines as well as the 500=pound hydrogen-peroxide rockets intended to help

the pilot during the landing flare. The 150-knot run across the lakebed runway was

made using approximately 4,000 pounds of thrust from two LR-I 1 chambers. Even at

150 knots, the nose-gear steering and ground handling characteristics of the X-24B

were found to be satisfactor), with no shimmy in the nose gear. However, lateral cen-

ter-of-gravity was offset two inches during the test run, the liquid-oxygen tank on the

left side outweighing by 1,000 pounds the alcohol fuel tank on the right, making the

X-24B pull to the left. The pilot was able to compensate for the offset with intermedi-

ate right braking.
We made a final taxi test to 80 knots on the take-off runway with the X-24B hang-

ing under the B-52. Both aecelerometer measurements and comments from the pilot

verified that the ride was smooth and no problems couhl be predicted.

During the captive-flight test of the X-24B, we had to exercise much greater care

than we had in captive-flight tests of the other lifting bodies, for the pilot of the X-24B
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couhlnotejectwhilethevehiclewasmatedto theB-52.Toobtainacceptableloads
ontheforwardhookoftheX-15pylon,welocatedtheX-24Badapterfurtheraftunder
thepylonthanwehadwiththeotherliftingbodies,adesigncompromisebasedonthe
provensafeoperationoftheX-24A.

If therehadbeenaproblemduringthecaptiveflight,X-24BpilotJohnManke
wouldhavehadtolaunchbeforehecouldhaveejectedsafely.TheB-52wasflownas
slowlyaspossibleduringtheclimbto30,000feet,wherestructuralresonancetests
wereconductedatspeedshigherthanpossibleontheground.SincetileX-24Bwas
withinglidingdistanceofthedrylakebedduringthesetests,Mankecouldhaveland-
ed thevehicleif it hadbrokenlooseor hadhadto be launched,but noproblems
occurredduringthesinglecaptiveflight.

Flight Tests of the X-24B

On 1 August 1973, John Manke piloted the X-24B on its first glide flight, launch-

ing from the B-52 at 40,000 feet, coasting earthward at 460 miles per hour, perform-

ing a series of maneuvers to establish handling qualities, and executing a practice

landing flare approach before making a 200-mile-per-hour landing on the lakebed. On

the flight, the same flight-test maneuvers and evaluations were done that had been

done on flights of the earlier lifting bodies. During the series of glide flights that

followed, Manke and Major Michael V. Love, the Air Force X-24B project pilot,

checked the vehicle's performance in a variety of configurations.

On 15 November 1973, John Manke piloted the X-24B in its first powered flight.

Typical flight time in the X-24B was seven minutes, longer than in the other lifting

bodies. As pilots had done before flights in the earlier lifting bodies, Manke and Love

completed pre-flight practices of numerous simulated approaches in the T-38 and

F-104 aircraft. By the end of the X-24B project, lifting-body pilots had flown more

than 8,000 such simulated approaches in support of the entire lifting-body program.

On 25 October 1974, during the sixteenth flight of the X-24B, l,ove reached the

aircraft's fastest flight speed, Mach 1.75--or 1,164 miles per hour. On 22 May 1975,

Manke made the X-24B's highest approach and landing, coming down to the lakebed

from 74,100 feet--more than 14 miles above the earth's surface.

Love and Manke were pleasantly surprised by the handling qualities of the X-24B

at all speed ranges, both with and without engaging the control dampers in the stabil-

ity augmentation system. Even in turbulence, the X-24B flew surprisingly well. In

subsonic handling qualities, the X-24B earned the very high rating of 2.5 on the Coop-

er-Harper pilot rating scale. In short, the X-24B was considered a fine aircraft.

Manke and Love said the handling characteristics of the X-24B compared favor-

ably with those of the fighter aircraft, the T-38 and F-104. The X-24B's handling and

riding qualities in turbulence during the final approach were superior to those of the

earlier lifting bodies. The high dihedral effect of the other lifting bodies bad created

disconcerting roll upsets for pilots due to sideslips in turbulence. With its low values

in effective dihedral, the X-24B rode turbulence with more of a side-to-side motion
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X-2 IB simtdating fitt,re ShtJttle landings. The F-104 chase plane is behind and t,, the (pilot k) right of the

X-2IB. (NASA photo EC75.1914)

that the pilots found more acceptable. The pilots also found the vehicle's dampers-off

handling qualities in the landing pattern to be excellent, commenting that they could

not believe tile dampers were off)

Despite tile fact that the X-24B was 1,800 pounds heavier than the X-24A, it had

achieved a top speed of Mach 1.75 due to the lower configuration drag of tile X-24B

and a 15 percent increase in thrust from the uprated LR-11 engines. Although the X-
24A had reached Math 1.6, it very likely could have achieved Math 1.7 had its test-

flight pro_am not been cut short to build the X-24B.

X-24B Simulations of Future Shuttle Landings

By tile lime thal the Space Shuttle was well into the design phase, space mission

planners wanted to know if such unpowered re-entry shapes with low lift-to-drag ratios
couht land successfully on asphah or concrete runways. Convinced that the

X-24B couhl successfully exectite such an approach and landing, John Manke had
recommended even earlier that the X-24B make a series of landings on Runway

04/22, the main 15,000-foot concrete runway at Edwards. For John Manke, Mike

4. See J.hn A. Mankc anti M. V. Lfwe, "X-2'I_B Flight Tcsl Program," Society of Experimental Test

Pilots, Technical Review 13 (Sept. 1975): 129-54.
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Love,andotherpilots,sucha demonstrationseemedimporlantfor developingthe
confidenceneededtoproceedwithsimilarlandingsoftheSpaceShuttle.

In January1974,theX-24BresearchsubcommitteehadapprovedManke'spro-
posal.Afterwards,MankeandLovebegana three-weekflightprogram,flyingthe
F-104andT-38in landingapproachesapproximatingthoseof theX-24B.Manke
alonemadeover100 oftheseapproaches.

Thepayoffcameon5August1975.Mankelaunchedin theX-24BfromtheB-52
mothership,climbedto 60,000feet,beganhisdescent,and--sevenminutesafter
launch--toucheddownin theX-24Bpreciselyat theplannedtargetlandingspot,
5,000feetclownRunway04/22.Aftel_Tards,Mankesaid,"Wenowknowthatconcrete
runwaylandingsareoperationallyfeasibleandthattouchdownaccuraciesof + [plus

or minus] 500 feet can be expected. ''5 Assisting landing accuracy, Manke comment-

ed, were the distance markers and geo_aphic features along the concrete runway, not

characteristic at the time of the lakebed runways. Two weeks after Manke's first run-

way landing, Love duplicated the feat in the X-24B.

These precise touchdowns demonstrated to the Shuttle program that a configura-

tion with a comparatively low lift-to-drag ratio could land accurately without power,

thereby convincing Shuttle authorities that they couht dispense with the airbreathing

jet engines originally planned for the Orbiters. The resultant reduction in weight

added significantly to the Shuttle's payload.

Of all the vehicles flight-tested during the twelve years of the lifting-body pro-

gram, the X-24B had the highest landing lift-to-drag ratio, 4.5. Next highest was the

X-24A at 4.0, then the HL-10 at 3.6. Lowest among the lifting bodies was the M2-F3

with a landing lift-to-drag ratio of 3.1. Because of its relatively high lift-to-drag ratio

plus good control characteristics, the X-24B was considered by the pilots to be very

comfortable to land without power. The lifting-body pilots also considered the M2-F3

acceptable in landing characteristics, ahhough the M2-F3 required more of the pilot's

attention in landing, due to having less time from the flare to setting the wheels down

on the runway.
By the end of the X-24B program, we had gained widespread experience with the

unpowered landing characteristics of lifting-body configurations over a range of land-

ing aerodynamic performance. In its maximum "dirty" configuration--with flaps,

deployed landing gear, speed brakes, and low levels of thrust--the F-104 had been

used to train pilots in landing approaches for both the X-15 and lifting-body programs,

beginning in 1959 with NASA pilots Nell Armstrong (of Apollo fame) and Joe _:alker.

During the course of these F-104 flights, the aircraft would be landed in the worst lift-

to-drag configuration--with flaps, gear, and speed brakes extended in idle power--

that approached a maximum lift-to-drag ratio of 2.5. Later tests conducted by Bob

Hoey and the Air Force pilots concluded that landing without aids, a vehicle with a

5. Ibid., p. 140.
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maximumlift-to-dragratioof 2.5 borderedon thetotallyunacceptable--thatis, a
landingwheretheriskofcrashingishighest.Thesetestresultsin theF-104served
asa benchmarkfortheFlightResearchCenterwhileevaluatingthedifferentflight-
testedlifting-bodyconfigurationsforfuturespaceoperations.

Landingperformanceandsafetywerecriticalaswellin termsoftheablativeheat
shieldsusedforre-entryvehiclesbeforethedevelopmentofsuchnewheat-protection
materialsasthelightweightsilicontiles.Wetailoredtheconceptoftheliftingbodyas
are-entryvehicletotheuseoftheablativeheatshields,tile technology current at the

time. As a result, landing performance and safely were linked to how the roughness

resulting from the burned arid melted ablative heat shields would affect the aerody-

namic drag of the lifting bodies.
We had excellent data from flight tests at hypersonic speeds made during the

X-15 program to use in predicting the magnitude of this effect for the lifting bodies,
available in Lawrence C. Montoya's Drag Characteristics Obtained from Several

Configurations of the Modified X-15-2 Airplane up to Mach 6.7. 6 The report

compares tile drag characteristics of a clean-surfaced X-15 with an X-15 flown with

an ablative coating. We also had the results of a similar test done on the X-24A dur-

ing the full-scale wind-tunnel testing of the vehicle at NASA Ames. Although the X-

24A was later flight-tested at the Flight Research Center only with a clean metal skin,

the wind-tunnel testing of the X-24A with a coating simulating the ablative roughness

typical after the heat of re-entry showed a significant reduction for the vehicle in land-

ing lift-to-drag ratio. This reduction, in turn, would reduce significantly the time a

pilot would have for making corrections in control during an actual landing of a

lifting-body re-entry vehicle.

When we used the ablative roughness data from the X-15 and the X-24A tests to

calculate the aerodynamics of lifting bodies with ablative roughness, we found that

some lifting-body configurations previously found to be acceptable for flight would
become unacceptable as re-entry vehicles with ablative roughness. The ablative

roughness after the heat of re-entry would cause the drag of lifting bodies to increase

between 15 and 30 percent, lowering the lift-to-drag performance. As a result, for

example, the 3.1 lift-to-drag ratio of the M2-F3 would be lowered to less than 2.5,

making the M2-F3 unacceptable as a re-entry vehicle unless considerable care were

taken to use the correct heat-protection materials in certain places, such as carbon-

carbon rather than ablative material on the leading edges. Likewise, the HL-10's lift-

to-drag ratio of 3.4 would drop to a ratio that would make it barely acceptable in

re-entry. With ablative roughness added, the only lifting bodies that would retain ade-

quate lift-to-drag ratios would be the X-24A and X-24B.
When Bill Dana made the last powered flight of the X-24B on 23 September 1975,

the lifting-body program drew to a close. After Dana's flight, six pilot familiarization

6. Lawrence C. Montoya, Drag Characteristics Obtaineat from Several Conpqgurations of the

Modified X-15-2 Airplane up to Math 6. 7 Q_ashington, DC: NASA TM X-2056, 1970).
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glideflightsweremadein theX-24Bby Air ForceCaptainFrancisR. Scobeeand
NASA'sEinarEnevoldsonandTomMcMurtry.On26November1975,pilotedby
McMurtry,theX-24Bcompletedits36thandfinalflight.Throughthespringof 1976,
beforebeingsentto theAir ForceMuseum,theX-24Bremainedin residenceat
EdwardsAir ForceBase,resplendentin its blueandwhitepaintscheme.
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CHAPTER 9

WINGLESS FLIGHT LIVES ON

When Tom McMurtr) landed tile X-24B for the lasl time in November 1975,

NASA's lifting-body program officially ended. Yet the legacy of wingless flight has

lived on, continuing to have a significant impact on the design and technology of cur-

rent and developing vehicles. In the ]980s and 1990s, the lifting-body legacy went

international as Russia, Japan, and France hegan to design and test lifting bodies.

During the early 1990s, the USA began to develop lifting-body designs for use as

space-station transports, as spacecraft, and as a future replacement of the current

Space Shuttle.

Today, meanwhile, the original lifting-body vehicles flight-lested at the NASA

Flight Research Center in the 1960s and early 1970s are all in museums, in outdoor

mounted displays, or in the process of being restored fi_r future public displays.

The first lifting t>ody--the M2-F1, fondly dubbed "the fl)ing bathtub"--was

stored outdoors at NASA Dryden for several years. It was damaged when it was blown

over by the wind, but it was in the process of being restored as these lines were writ-
ten. Several of the craftsmen who built the M2-FI have contributed their time and

labor in restoring it to its exact original condition. Eventually, the M2-FI may con-

ceivably join the M2-F3--the third lifting body, built from the crashed M2-F2--at the

Smithsonian National Air and Space Museum in Washington, D.C., where the M2-F3

now hangs from the ceiling.

The HL-10 is currently on display outdoors at NASA Do'den, mounted atop a

pedestal. Earlier, the HL-10 had been severely damaged when it was dropped by a

crane that was lifting it off a truck for display al the Los Angeles Museum of Science.

The nose and vertical tails were smashed when the HL-10 hit the ground. Fortunately,

no one was hurl in the accident. However, those of us who had worked on the lifting-

hody program were understandably upset with the Museum's crane crew and handlers,

given the HL-IO's illustrious flight-test record of 37 flights without mishap or damage.

Jerry Reedy and his expert team in NASA Dryden's "Skunk Works" sheet-metal shop

repaired the HL-10, doing the work in their spare time. Restored to its original con-

dition, the HL-10 was carefully and sturdily mounted on its current pedestal display

at NASA Dryden, never again to be lifted by a crane.

For several ),ears, the Hyper III was stored outdoors at NASA Dryden, along with

the M2-FI. Fully restored by the Air Force, the Hyper III now hangs fi'om the ceiling

in the Air Museum at Castle Air Force Base near Mereed, California.

The X-24B is in the Air Force Museum tit Wright Patterson Air Force Base in

Dayton, Ohio. The original X-24A was converted into the X-24B, but to show what the

X-24A looked like, a mocked-up SV-5J eonfigured as the X-24A is displayed next to

the X-24B. ASSET and PRIME, recovered following successful re-entries, are also

displayed near the X-24B.
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M2-FI being disassembled for restoration in 199,/. People from viewer's left to right: Bill Dana, Dale Reed,

Dan Garrabrant, Dick Fischer, attd Dick Klein, all of whom participated in the original lifting-body

program. (NASA photo EC94 42484-2)

Lifting-Body Concept Goes International

The NASA lifting-body program has been well documented in about 100 techni-

cal reports on the program's 222 flights and 20,000 hours of wind-tunnel tests. Many

of these publications are unclassified. The Soviet Union purchased copies of these

reports from NASA Headquarters in Washington, D.C., then designed its own lifting

body. In 1982, the Soviets flight-tested an unpiloted, 10-foot-long, subscale version of

their lifting body, the BOR-4, including a maneuvering re-entry over the Indian Ocean
from space orbit. The flight test of the BOR-4 closely resembled that of our PRIME

(X-23) vehicle in 1966. The main difference between the two was that the BOR-4 was

parachuted into the Indian Ocean for ship recovery, while the PRIME had been

snatched from the air by a C-130 to avoid a splash down in the Pacific Ocean. There

is no information available yet on whether the successor states of the former Soviet

__ Union continued their work in the 1980s into larger-scale lifting bodies.

Other than the Soviet flight experiments with the BOR-4, very little lifting-body
design activity seems to have occurred in the 1980s. In the United States, the Shuttle

satisfied all requirements for space flight. Even though the Soviets had built a copy of
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our Shuttle, they flew it only once (unpiloted) and continued to rely on parachute

recovery for their spacecraft.

As the concept of an International Space Station emerged in the United States and

other countries, however, interest revived in lifting-body configurations.

Countries involved in or entering space exploration accepted that the International

Space Station was required if mankind were to maintain a presence in space in

preparing to send human beings to Mars and other planets or to revisit the moon.

Smaller vehicles costing less to operate would be needed over many decades for the

International Space Station. The small, compact shapes of lifting-body configurations

began to show up on engineering sketch pads and drawing boards for use as space fer-

ries or emergency lifeboats.

Other countries entering the realm of space technology have also demonstrated

interest in lifting bodies for various projected space missions. For example, the

Japanese conducted hypersonic re-entry flight tests with parachute recover), during

February 1997 of the HYFI,EX, an unpiloted lifting body. Tile French also have indi-
cated that they are doing mission studies using lifting bodies.

HL-20 Lifting-Body Space Ferry

During 1990-1995, NASA Langley conducted studies on a new lifting-body

shape designated the HL-20, designed to meet the projected need for a low-cost trans-

portation system to ferry personnel between Earth and future space stations. As part

of the NASA Langley study, personnel at North Carolina Agricultural and Technical

University and North Carolina State University built a full-scale mockup of the
HL-20 in 1990.

Designed to carry ten people into orbit and back, the HL-20 would be consider-

ably smaller and lighter than the present Shuttle, the large size of the Shuttle being

unnecessary for many of these future missions involved with transporting personnel to

and from space stations and with delivering supplies to space stations. The projected

HL-20 would be only 31 feet long and weigh 32,448 pounds, considerably smaller and

lighter than the Shuttle, which is about 122 feet long and weighs over 171,000 pounds

without its propellants, external tank, and solid rocket boosters. The HL-20 would be

boosted into orbit by a Titan III rocket system, a system smaller than the Shuttle's

rocket system.

National AeroSpace Plane, the X-30 Lifting Body

During the first half of the 1990s, while NASA Langley was conducting studies on

the HL-20, several government organizations including NASA were conducting sub-

stantial studies on the design of a National AeroSpace Plane (NASP/X-30) capable of
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takingofffrom an aircraft runway, flying into space, and returning to Earth fur a land-

ing on an airport runway--all without the use of rocket boosters. Of the various con-

figurations studied, a form of lifting body emerged that integrated a hypersonic

air-breathing propulsion system within the vehicle's shape. However, the NASP study
was terminated in 1994, when it was concluded that the high-temperature materials

and air-breathing propulsion technoloN" required fur such prolonged high speeds

within Earth's atmosphere wouhl take many more years to mature than had originally
been estimated.

Nevertheless, NASA continued efforts on its own toward developing a space

transportation system that wouhl eventually replace the Shunle. Opting to stay with

rocket-propulsion systems, NASA required a design that would emphasize maximum

efficiency, combining a very efficient single-stage-to-orbit vehicle with an advanced

rocket-engine system buih into the vehicle's shape.

From X-33 to VentureStar

In 1994, NASA solicited proposals from the aerospace industry for designing and

building a highly efficient single-stage-to-orbit vehicle to replace the Shuttle. Three

proposals were submitted, one each from McDonnell Douglas, Rockwell AeroSpace,
and Lockheed Martin.

McDonnell Douglas submitted a design for a lifting body that took offvertieally

and landed vertically on its tail. The design was reminiscent of Disneyland's Future

Space Ride, where millions of tourists have sat in a simulator cabin watching a screen
showing the spacecraft lifting off a launch pad and returning to the pad on landing, a

procedure very similar to that shown in the Buck Rogers movies of the past.
McDonnell Douglas built and flew a scale model of its proposed DC-X rocket to prove

that it could indeed take off and land vertically on its tail.

Rockwell AeroSpace proposed a design that was a conservative but highly refined

remake of the cun'ent Shuttle. The proposed vehicle had wings, could be propelled

into space vertically without drop-off boosters, and could land horizontally.

By contrast, the design proposed by Lockheed Martin pushed the state-of-the-art

in rocket propulsion, integrating a rocket motor design within the shape of a lifting-

body spacecraft. NASA decided that this proposal reduced risk more than the other
two alternatives. As a result, NASA awarded a contract valued at about $1 billion from

1996 through 2000 to the Lockheed Martin Skunk Works in Pahndale, California, for

building and flight-testing the X-33, a 67-foot-long prototype model of the projected

127-foot-long VentureStar. The X-33's empty weight will be about one-ninth that of
VentureStar. The 2,186,000-pound lift-off weight of the proposed VentureStar is about

one-half of the 4,500,000-pound lift-off weight of the Shuttle.

Aecording to David Uric, then manager for high-speed pro_ams at the Lockheed

Martin Skunk Wolks, his firm had put together a design that would launch vertically

like a rocket and land horizontally like an airplane. Lockheed Martin had decided

against a horizontal take-off because the weight of the undercarriage wouht limit the
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X-33 Advanced Technology Demonstrator designed to demonstrate in flight the new technologies needed for

a Reust_ble Lttunch V_,hicl_,fi,r ttte 21st centl4ry. The X-33 employs a lifting-body sfiape. (NAS,| photo EC96

43631-2)

payload severely. Vertical landing was rejected because the vehicle wouhl have to

cart')" fuel for landing throughout flight. 1

Wings were also eliminated during the design process. Although a lifting body is

not as efficient as a winged aircraft at producing lift, the advantage of a lifting-l)ody

design for VentureStar is that--minus fuel and payload--the vehicle will be very light

when landing baek on Earth, light enough to land on an 8,000-foot-long runwa), wtlich
is shorter than those found at most major airports today. Another significant feature of

the lifting body is the large amount of storage area.

The X-33 prototype as well as VentureStar will use the "aerospike" rocket engine

developed by the Boeing Company's Rocketdyne Division of Canoga Park, Calih)rnia.

Whereas conventional rocket engines have round bell-shaped nozzles, the aerospike

engine uses the changing ambient air pressure as the rocket ascends to regulate the

1. See, e.g., Bill Sweetman, "Venture Star: 21st Centu_' Space Shutlle," Popu/rlr Science (Ocl,,her

1996): 4'_; "Reusahle l,aunch sv_,hi(,le," in 5pinoff199g (_:ashingt,m, D.C.: NASA, [1996]): 30-31 for

printcd accounts of the X-33 and x,_'nture Star plans, which were still in the developmental stages as this

account was written. David Urie read this section for the attthor and expressed his salisfaetion with its

accuracy. In addilion, Stephen D. Ishmael, Deputy Manager for X-33 Flight Test and Operations, repre-

senting NASA at th_• I,ockheed Martin Sknnk _X_rks in Palmdalc, read Ihe section and offt_red some

ehanges that have been ineorporaled in the narralive.
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shape of tile exhaust plume. The conventional nozzle, on the other hand, operates at

its highest level of efficiency only at a single altitude.
In the 1960s, Roeketdyne developed a rounded aerospike nozzle, leading to the

"linear aerospike" engine in 1972, with the gas stream exiting along the surface of a

rectangular wedge rather than around a round spike-shape. Its designers hoped that
NASA would use the new engine to power the Shuttle, hut NASA opted at that time

for a more conservative design. The engine fairly much sat on the shelf until Urie and

his colleagues at Lockheed Martin mated it with a lifting-body design in creating the

X-33 and VentureStar's initial designs.

Seven of the linear aerospike engines will be arrayed across the entire trailing

edge of VentureStar, the engines blending into the lifting-body shape. According to its

designers, this arrangement will cause less drag in descent than that caused by a clus-
ter of conventional engines. As with most rockets, 'V_ntureStar will be steered during

ascent by vectoring engine thrust. However, unlike conventional rockets that move on

gimbals, "V_ntureStar's engines are fixed, the rockets' automatic flight-control system

adjusting the throttle on each engine's upper and lower modules to steer the vehicle.
Beneath the rocket's carbon-fiber skin, tanks on each side carry liquid hydrogen.

A smaller tank in the nose contains liquid oxygen, which mixes with the hydrogen for
combustion. Located in the middle of the vehicle is a 45-by-15-foot payload bay.

The vehicle has been designed to lift 40,000 pounds of payload to low Earth orbit

and 25,000 pounds to the higher orbit occupied by a space station, most of the liftoff

weight consisting of the liquid hydrogen and oxygen propellants. With the airframe,

engines, and flight-control systems making up only nine percent of the proposed vehi-

cle's 2.2 million-pound liftoff weight, science writer Bill Sweetman has said

VentureStar is "roughly equivalent to a 20-pound racing bike carrying a 200-pound
rider."2

Launching VentureStar should be dramatically different from today's space

launches of the Shuttle, with considerably savings in time and materials as well as

increased safety. VentureStar will not use the solid rocket boosters that, with the cur-
rent Shuttle, nmst be fished out of the ocean and rebuilt after each Shuttle flight.

Furthermore, VentureStar will use a metal heat shield, eliminating the 17,000 hours

of between-flights maintenance currently involved in checking and replacing heat-
resistant ceramic tiles on the outer surface of the Shuttle.

Because of the large surface area of the lifting body, its designers expect

"_ntureStar to re-enter Earth's atmosphere more gently than does the current ShuttIe.

Unlike the Shuttle's maneuvering thrusters, which use hypergolic propellants that

ignite on contact with one another, VentureStar will use only liquid hydrogen and oxy-

gen for propellants. Unlike the Shuttle, VentureStar will have no hydraulic system,

using electrically powered flight controls, doors, and landing gears.

2. Sweetman, "Venture Sial'." p. 46.
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Currently,ShuttlelaunchescanbedelayedwhenNASAengineersdiscovera
glitchin asatellitepayloadalreadyloadedontothelauncher.VentureStarbypasses
thispotentialproblembyusingaself-containedcanisterasapayloadbay.Thesatel-
lite'smanufacturerwill loadit into thecanister,testit, anddeliverit totheNASA
launchsite.

Thecurrentlycumbersomejob of assemblingtheShuttlevehicleonavertical
toweris eliminatedwithVentureStm,fortilevehiclewill havenoboostersorexternal
tanks. This will allow VentureStar to be checked out in a hangar, like an airplane.

Furthermore, VentureStar is expected to be safer than today's rockets, its design
reducing the potential for catastrophic problems. While conventional rockets are

doomed if an engine fails in flight, VentureStar's engines have a thrust reserve for

emergency use. If one of VentureStar's seven engines should fail on liftoff, the engine

opposite it would shut down to balance the spacecraft, the remaining five engines then

throttling up to carry the vehicle safely into orbit.

Employing a reusable rocket in the design of VentureStar is not only safer but

friendlier to the environmenl. Its exhaust is comprised of water vapor, not the chemi-

cal wastes produced by a solid rocket, and there are no spent boosters to create a trail
of debris behind the rocket.

Flight-testing the X-33 prototype is expected to resolve certain critical issues

before Lockheed Martin begins to build the full-scale VentureStar. For instance,

although the X-33 will not fly to orbital speed, it will fly fast enough to test the aero-

dynamics and metal heat shield under realistic conditions.

As in the X-15 and lifting-body programs between 1959 and 1975, NASA Dryden

will play a major role in flight-testing the X-33. The plan is to begin flight-testing the

X-33 at Edwards Air Force Base (AFB) in 1999. The X-33 is expected to reach Mach

3 on its first flight before landing at one of the small dry lakebeds northeast of Edwards

AFB. Fifteen flight tests are planned at speeds up to Mach 15, mostly between

Edwards AFB in Southern California and Malmstrom AFB near Great Falls, Montana.

Designing and building VentureStar is expected to begin in 2000, and the part-

ners in the venture hope it will fly in 2004 as a commercial vehicle. The second

VentureStar, ready for flight by 2006, might be the first to carry astronauts. If

VentureStar proves it can fly as often as is currently projected, possibly only three or

four vehicles would need to be built. Once VentureStar is fully operational, there like-

ly will be a number of VentureStar launch and recovery sites around the world, each

site considerably smaller than today's launch sites. 3

3. Sweetrnan,"Venture Star," p. 47; "Reusable Launch Vehicle,"Spinoff1996, p. 31.
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Space-Station Rescue Vehicle

In 1992, I met up again with my oht friend John Kiker at an annual international

parachute conference in San Diego, California. Years ago at the NASA Johnson Space
Center, Kiker had been responsible for developing the parachute systems used in the

Gemini and Apollo programs. He had long since retired from NASA but was working

part-time as a consultant to NASA on the design of parachute systems for spacecraft.
Kiker introduced me at the conference to Rob Meyerson, the young engineer who

at that time headed parachute research and development at the Johnson Space Center.

Over lunch, Meyerson told me that there was interest at the Johnson Space Center in

developing a lifeboat that would remain attached to the International Space Station for
use in case of a need for emergency evacuation.

Ideally, Meyerson said, the lifeboat would be totally automatic in flight, from de-

orbit through re-entry and landing. Something more efficient than the Russian Soyuz

lwo-to-three-person re-entry vehicle, recovered with a symmetrical parachute, was
desirable. The ideal space-station lifeboat for Meyerson and his colleagues at the

Johnson Space Center would use a guidance system allowing personnel to quickly

punch landing coordinates into the lifeboat's onboard computer before or after board-

ing the vehicle. After the lifeboat had separated from the space station, onboard com-

puters would fire the retro rockets at the right time during orbit for landing at the

designated site on Earth.

Dttle Ree¢l l_ictt4re¢l t_,ith the X-38 technology dentonstr{ttor ft,r a crew retttrn t,ehicle from the Intern{ttiottttl

.qpttee Sttltion ttnd the stlbse_tle model ttsed it_ tl test program for the X-38. (NASA I_hoto EC97 11152-.5)
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A lifting-body design would allow the lifeboat to fly during re-entt3_ to a landing

site 700 to 800 miles left or right of the orbital path. After the vehicle had decelerat-

ed to subsonic speed at about 20,000-feel ahitude, a series of parachutes would be

deployed--symmetrical deceleration chutes fi)llowed by a large, rectangular-shaped,

gliding parafoil parachute. With a gliding ratio of about 3.5 to 1, the parafi_il para-

chute could be steered left and right by two lines attached to winches inside the vehi-

cle. Global Positioning System (GPS) satellites would provide navigation to the

landing site.

At an altitude of about 1,000 feet, the onboard computer would command a land-

ing pattern with a downwind leg, base, and final approach into the wind. Using a sonar,

radar, or laser altitude ground sensor, the computer wouhl then command both winch-

es to reel in the trailing edges of the parafi_il parachute. Next, a landing flare maneu-

ver would reduce the parachute sink rate from about twenty feet per second to less

than five feet per second. With a parachute loading of about two pounds per square

foot, the no-wind gliding speed would be about 40 miles per houl, slowing at touch-

clown to less than 30 miles per hour. Such low speed at landing would allow the vehi-

cle to touch down off-runway, such as on any flat field free of obstaeles.

After Meyerson had related this information to me, I mentioned that 1 had been

involved in some model flight tests of this concept in 1969 at the NASA Flight

Research Center, except we had used the limp Rogallo Parawing gliding parachute

with lifting-body shapes rather than the parafoil gliding parachute (see Chapter 8).

Fascinated by the idea of GPS guidance, I told Meyerson thai I would like to prove the

concept by air-launching a lifting-body model as I had in 1969. After Meycrson

returned to the Johnson Space Center, he had $150,000 sent to NASA D13'den so that

I couht put together a team to demonstrate the recover 3" concept using a

subscale model.

During the spring of 1992, we began the test program. By the end of summer,

using a team of four and working part-time, we had achieved fully autonomous flight,

including flared landing into the wind at a predetermined landing site in the Mojave

Desert. Alex Sire served as NASA research project engineer. I did the design work and

flight-planning. Jim Murray handled the electronics and data analysis. David Neufeld

not only did the parachute rigging and packing but also served as radio-control pilot

when the autonomous guiding system was disengaged during developmental

flight-testing.

Neufeld became so enthusiastic about his role as pilot that he took sky-diving

lessons to learn more about controlling parafifil parachutes. He made only two static-

line jumps during his sky-diving lessons, but both were stand-up landings in the cen-

ter of the 600-foot circle used as a landing zone. I asked him why he hadn't made more

jumps. He told me that he had learned from the two jumps all that he needed to learn

about piloting the model, so why push his luck?

To study the feasibility of the system, we used a flight model of a spacecraft in the

generic shape of a flattened biconic (an object shaped like two cones with their bases

together). The model weighted about 150 pounds and was flown umler a commercial
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ram-air parachute. Key elements of the system included GPS navigational guidance,

flight-control computer, ultrasonic sensing for terminal altitude, electronic compass,

and onboard data-recording.

The vehicle was developed and refined during the flight-test program. It complet-

ed autonomous flight from an altitude of 10,000 feet and a lateral offset of 1.7 miles,

ending with a precision flare and landing into the wind at the predetermined site. At

times during autonomous flight, wind speed nearly equaled vehicle airspeed. We also

evaluated several novel techniques for computing winds postflight. In September

1993, we published the results of these tests in NASA Technical Memorandum 4525,

The Development and Flight Test of a Deployable Precision Landing System

for Spacecraft Recovery. 4

This was the first time I had worked with a fully autonomous air vehicle. I found

myself talking to it as if I were coaching an onboard student pilot. As the model

reached a planned turning point in the sky, I would say to it, "Now turn! Now turn!"

As it approached for landing, I found myself telling it, "Now flare! Now flare!"

Meyerson discussed the results of our model tests with John Muratore, an engi-

neering colleague at the Johnson Space Center. Muratore had recently become famous

for organizing a "pirate team" that developed a low-cost spacecraft control room by

using personal computers. His control room had just been pressed into service to

operate the Shuttle in flight, saving NASA millions of dollars through fewer controllers

and substantially lower maintenance costs on computer and display systems.
Muratore became very" interested in the lifeboat concept and presented it to NASA

Headquarters, enhancing his proposal by selecting a tried-and-proven lifting-body

shape--that of the X-24A for the lifeboat development program. The X-24A was the

only lifting body that had been proven in flight from near-orbital speeds to horizontal

landing. Although the unpiloted X-23 PRIME had demonstrated maneuvering flight

from orbital speeds down to Mach 2, it was the X-24A that had then demonstrated

flight from Mach 2 to subsonic landing speeds.

His selection of the X-24A lifting-body shape also saved on costs, avoiding the

need to develop a new spacecraft shape. NASA Headquarters bought the idea that

Muratore would prove the concept in low-cost steps to help in making management

decisions for later steps leading to launching a prototype into space.

Muratore telephoned me to see what I thought about the proposal and stipulation,

especially whether I thought NASA Dryden would be willing to support the Johnson

Space Center in a low-cost, full-scale flight demonstration of the lifting-body parafi_il-

parachute-recoveo _ concept. I said that during the lifting-body program, the NASA

4. Alex G. Sire, James E. Murray, David Neufeld, and R. Dale Reed, The Development ttnd Flight

Test of n D_7_loyable Precision Landing System for Spacecraft Recovery Q_'ashington, D.C.:

NASA TM 452,5, 1993). Both John Muratore, NASA',_ project manager for the X-38 at the Johnson Space

Center and William H. (Bill) Dana, Dr3'den's chief engineer and former lifting-body pilot, read this chap-

ter, as did Gray Creech, Dryden aerospace projects wriler. The narrative has been improved in several

places by their comments.
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FlightResearchCenterhadspenttwelveyearsprovingliftingbodiesin horizontal
landing.Consequently,NASADrydentendedtobebiasedin favoroflandinglifting
bodieshorizontallyonrunwaysratherthanusingagliding-parachutelanding.Later,
duringa telephoneconferenceamongMuratore,NASADrydendirectorKenSzalai,
andSzalai'smanagementstaff,thisbiasbecameapparent,especiallywithBill Dana,
oneof theworld'smostexperiencedlifting-bodypilots,nowservingasSzalai'schief
engineer.

Muratoreexplainedto Szalaiandtheothersthatstudiesat theJohnsonSpace
Centerhadclearlyshownthatthelifeboatconceptutilizingparachuterecoverywas
themosteffectivein costandtimefor rescuingastronautsfromthe International
SpaceStation.Duringthestudies,Muratore_teamhadconsideredseveraldifferent
basicschemes,includingacapsuleandahorizontal-landingmini-shuttle.Withacap-
sule,tolandatanacceptablesite,astronautsmighthavetowaitaslongas18hours
in orbit,substantiallyincreasinglife-supportrequirementsfor thevehicle.With a
mini-shuttle,ontheotherhand,thetailwouldlosecontrolauthority,"blanked"bythe
highangleof attackduringre-entryintoEarth'satmosphere,requiringcomplicated
maneuveringengines.

Muratorealsoexplainedtheaddedcostsinvolvedwithboththeoceanrecoveryof
parachutedcapsulesandthehorizontallandingofhigh-speedliftingbodies.Thefirst
involvesthehighcostofmaintainingoceanshipstorescuethecapsules.Thesecond
involvesthemaintenanceoflongrunwaylandingfacilities.

United States

X-38 suspended under the pylon that woahl attach it to the B-52 mothership fl_r htter captive flights arid

launches. Note that the X-38 has an X-2,1A shape. (NASA photo EC97 44105-29)
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X-38 sttspended ttnder B-52 0008 on its first captit_e flight, July 30, 1997. (_4SA pht,to EC97 4416316)

To keep lifting-body landing speeds low, Muratore explained that the vehMes

would have to be either lighter or larger in size for tile same weight. However, the

larger lifting bodies would not be compatible with current rocket launch systems, such

as the Ariane 5, Titan 4, and possibly the Atlas 2AS, Delta 3, H-2, Proton D-l, or

Zenil as well. The 24-foot-long X-24A, for inslance, had usually landed after fuel

exhaustion at a weight near 6,000 pounds, although Bill Dana said he once made an

emergency landing in the M2-F3 with a gross weight of 10,000 pounds.

To be compatible with boosters, Muratore said, the lifting-body spacecraft recov-

ery vehicles must be kept small but weigh 16,000 pounds or more due Io internal sys-

tems and payloads. A lifting body' with such high density would normally require

extremely' high horizontal landing speeds, too high to be acceptable to Muratore's

lifeboat designers. However, the use of a large parafoil gliding parachute could reduce

landing speeds to ave U low 40 miles per hour, opening up the potential for off-run-

way landings around the worhl.

Szalai's team agreed to commit NASA Dryden to helping Muralore and the

Johnson Space Center with the program. Szalai asked how Dryden could hell).

Muratore asked that it furnish and operate its B-52 for launching the Johnson Space

Center's experimental vehicle at Edwards AFB. Szalai agreed.

According to the agreement, Duden wouhl design and build a wing pyhm so its

B-52 could caro- the experimental vehicle aloft. Besides operating the B-52, Dryden

would also furnish its ground and hangar facilities anti be responsible for personnel
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and range safety. Johnson Space Center, on the other hand, would be responsible for

designing anti fabricating the experimental vehicle or vehicles. In this wa_, a new lift-

ing-body flight-test program--the X-38---eame to NASA Dryden, its first in nearly

twenty years.

For building three full-scale fiberglass models of the X-38 lifting body, the

Johnson Space Center contraeted with Scaled Composites, Inc., Burr Rutan's little air-

plane factory in Mojave, California, not far from Edwards AFB. The three vehicles

included one without fins for launching fi'om a C-130 plus two with fins and cont,'ol

surfaces for launching from the B-52.

In the spring of 1995, with the assistance of the Army, the first vehicle was

launched from a C-130 over the parachute-testing range at Yuma, Arizona. An extrac-

tion chute pulled the finless lifting-body on an aluminum cargo pallet rearward from

the C-130. Immediately after launch from the C-130, a problem developed with the

cargo pallet anti the parachute rigging. The pull from the extraction chute deformed

the cargo pallet, causing parachute rigging defleetions. Out-of-sequence line cutter

and parachute deployments followed. The parachute system became entangled, and

the first X-38 vehicle was destroyed on ground contact.

Scaled Composites, Inc., completed the other two X-38s in the fall of 1996, deliv-

ering them to the Johnson Space Center for systems installation. Flight tests began at

NASA Dryden in the summer of 1997.

By the end of 1997, it is hoped that a successful flight demonstration can be

made--launching an X-38 from the B-52 at 45,000 feet, the X-38 then flying as a lift-

ing body in controlled flight down to 20,000 feet, where a series of pilot chutes, drag

chutes, and the large 7,300-square-foot parafoil gliding parachute will deploy. The

X-38 would then be steered and flared autonomously to a landing site on /he dry
lakebed at Edwards AFB.

Following successful flight demonstrations from B-52 launches, Muratore plans a

follow-on vehic.le buih of aluminum with a shell of graphite-cyanate ester epoxy.

hnproved and larger Shuttle-derived blankets and tiles will provide thermal protee-

lion to the vehicle's stiffer composite structure. The plan is to launch this vehicle into

orbit in 2000 from the Space shuttle. After this vehicle is successfully recovered from

orbit, the plan is to huild four to eight mission vehicles designed to carry astronauts

anti sen'ice the International Space Station.

A Lifetime of Excitement and Adventure

Little did I know in 1962Ias I was flying those paper models of lifting hndies in

the hallways at NASA Dryden anti later the first balsa models on a ranch east of

Lancaster in California--that I would see major flight-test and spacecraft lifting-body

pro_ams come into being within the decade. Still less did I know then that, as these

programs came into being, I would get to know and have the opportunity to work with

the greatest minds and human spirits in aerospace from designers of airplanes and

spacecraft to the best pilots, flight crews, and technicians in the worht.
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Ourworkduringthe1960sandearly1970sin developingandflight-testingthe
firstexperimentallifting bodieshashada highlysignificantinfluenceondecisions
guidingthecourseofeventsin thespaceprogram.Forinstance,thedecisiontodevel-
optheShuttleasanunpoweredgliderwasheavilyinfluencedbyourflightexperience
at theNASAFlightResearchCenterwith the lifting bodies.Becauselifting-body
landingshadprovedthatunpoweredlandingswerenotonlysafebut reliable,the
Shuttledesigndid not includethe extraweightof deployableturbojetengines
necessaryforpoweredlandings.ThereducedweightincreasingtheShuttle'scarrying
capacitysignificantly.

Therearenowimmediateanddirectapplicationsonthehorizonforlifting-body
vehicles.Althoughalifting-bodyconfigurationhasnotyetemergedasanoperational
vehicle,thatrealityis gettingverycloseandis nowwithinsight.Winglessflight--
bothin andoutofEarth'satmosphere---isnowafirmandsubstantiatedtechnology,
thankstothehardworkanddedicationofthemenandwomeninvolvedwiththelift-
ing-bodyconceptduringthe1950s,1960s,and1970s.Mostofuswhowereinvolved
at thattimearetodayretiredornearingretirement,passingthelegacyofwingless
flightontothenextgenerationofengineers,scientists,technicians,pilots,andastro-
nauts.Ourlegacyexistsindetailforthisnewgeneration,recordedinnumeroustech-
nicalreportsandflight-testrecords.Theyoungengineersoftoday,whowill carryflight
innovationintothe21stcentury,canmakesolidandinformeddecisionsin consider-
ingawinglessconfigurationforfuturespacesystems.

In writingthisbook,I wishedto givethenewgenerationsomethingthatisn't
alwaysobviouswhenreadingtechnicalreportsandflight-testrecords.I wantedthem
toknowthatthosereportsandrecordswereproducedbyrealpeoplewithveryhuman
feelingswhoshedmuchsweat,sometears,andevensomebloodin arrivingat the
factsanddatathatmightseemcoldlydetachedfromhumanrealitiesontheprinted
page.WhenI recalltheveryhighriskswesometimestookduringthetwelveyearsof
initial lifting-bodyhistory,I knowfor certainthatwecouldhavespilledmuchmore
bloodthanwedid.I preferto thinkthatevenaswewerepushingthingstotheedge,
weweresmartenoughnot to fall off andneededonlya little luck to protectus
fromourselves.
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Lifting Body Flight Log

Part One: Light Weight, M2-F1

Light Weight Lifting Body Flight Log (M2-F1)

Date GRD Air Pilot Free Flight Tow

Tow Tow Sec Vehicle

3/1/63 2 Thompson None PONTIAC

4/5/63 11 Thompson None PONTIAC

4/23/63 10 Thompson 0:00:13 PONTIAC

8/16/63 1 13_ompson 0:02:00 R4D

8/28/63 1 Thompson 0:22:09 R4D

8/29/63 1 Thompson 0:02:25 R4D

8/30/63 2 Thompson 0:04:42 R4D

9/3/63 2 Thompson 0:04:50 R4D

10/7/63 1 Thompson 0:01:26 R4D

10/9/63 1 Thompson 0:01:51 R4D

10/15/63 1 Thompson 0:02:20 R4D

10/23/63 l Thompson 0:03:00 R4D

10/25/63 2 Thompson 0:03:52 R4D

11/8/63 3 Thompson 0:07:45 R4D

12/3/63 1 Thompson 0:01:00 R4D

12/3/63 1 Yeager 0:01:35 R4D

12/3/63 2 Peterson 0:03:15 R4D

1/29/64 2 Thompson R4D

1129164 2 Peterson 0:04:44 R4D

1/29/64 2 Yeager R4D

1/30/64 2 Yeager R4D

Tow Vehicle

Pilot

Mallick/Dana

Mallick/Dana

MaIlick/Dana

Mallick/Dana

Mallick/l)ana

Butchart/Dana

Haise31cKay

Butchart/?

Butehart/McKay

Butchart,Odallick

Mallick/McKay/
Butcharl

Dana/Mall iek

Dana/Mallick

Dana/Mallick

Dan',dMcKay

Dana/McKay

Dana/McKay

Dan',dMcKay

Remarks

First Ground Tow

First Airborne Time

First Free Flight

First Air Tow

Broke Main Wheels
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1130/61 2 Malliek R:I.D Dana/MeKay

2/28/61 2 Thompson RID Bnteha rt/Pelerson

3/30/61 1 Peterson 0:02:25 RID Butehart/Kluever

,1/9/61 2 Thompson R4D Butehart/Kluever

4/9161 3 Peterson 0:08:00 R4D Bulehart/Kluever

5/19/64 2 Pelerson 0:04:08 R4D Buteharl/MeKay

6/3164 1 Thompson R4D Dana/Peterson

7124164 3 Pelerson 0:06:50 R4D Dana/_taise

8/18/64 1 Thompson R4D Dana/Peterson

8/21/61, t Thompson R4D Dana/ttaise/Walker

2/16/65 1 Thompson RID Dana/Pelerson

5127/65 4 Thompson RfD Buteh_lrt/Haise

5/27f65 3 Sorlie 0:06:00 RI, D Butehart/Peterson

5128165 1 Thompson R4D 11aise/Peterson

5/28/65 2 Sorlie 0:04:30 RID Peterson/Haise

7/16/65 1 Thompson R4D ttaise/Kluever

7/16/65 1 Dana R4D llaise/Kluever

7/16/65 1 Gent_' 0:00:00 R4D l|aise/Kluever

8/30/65 3 Thompson RtD Peterson/ltaise

8131165 1 Thompson RID [laise/Pelerson

10/6/65 2 Thompson R4D Pelersmdltaise

10/8/65 1 Thompson R,1D Haise/Peterson

3/28/66 2 Thompson R4D Peterson/Buteharl

8/4/66 1 Peterson 0:02:00 R4D Butehart/Fuh.n

8/5166 3 Peterson 0:04:(_) R4D Butehart/Fult.n

8/10/66 Gentry PONTIAC

8116166 1 Gentry R4D Butehart/Fuhon

8/18/66 Project Cancelled b) Paul Bikle

Fired l,anding Ro,'ket

Rc_cket Landing Asst.

2- Fits, Rockets Used

Airspeed Calib.

1st Sh>w Roll

Final Car Tow

2od Slow Roll

N_)le: There were apprnximalt'l._ 400 tov, s by the Ponlaie, but nol all of them were recorded.

Compiled b) Belt) l,ove, eonverled to Pagemaker fomml h._ Dennis DaCmz
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Part Two: Heavy Weights, M2-F2, M2-F3, HL-10, X-24A, X-24B

"v_,h. Date Pilot Math Miles Ahitude R_,marks

Number Per

lhmr*

M2-F2 7/12/66 Thompson 0.GI6 452 45,000

M2-F2 7/19/66 Thompson 0.598 394 45,1300

M2-T:'2 8/12/66 Thompson 0.619 !-30 45,000

M2-F2 8t2:1/66 Thompson 0.676 '1.46 45,000

M2-F2 0/2/66 Thompson O. 707 466 45,000

M2-F2 9/16/66 Pctcrson 0.705 ,166 45,000

M2-F2 9/20/66 Sorlie 0.635 421 1.5,000

M2-F2 9/22/66 Pcterson 0.661 1.36 15,000

M2-F2 9/28/66 Sorlic 0.672 443 45,000

M2-F2 10/5/66 Sorlie 0.615 430 45,000

M2-F2 10/12/66 Gentry 0.652 1.36 45,000

M2-F2 10/26/66 Gcnlr} 0.605 399 ,15,000

M2-F2 11/I 1466 GentQ' 0.681 ,1-45 1_5,000

M2-F2 11/21/66 Gentry 0.695 457 45,000

ItL-10 12/22/66 Pcterson 0.693 457 45,000

M2-F2 .5/2/67 Gentry 0.623 411 45,000

M2-F2 5/10/67 Pcterson 0.612 403 45,000

HI.-10 3/15/68 C¢'nlry 0.609 425 1.5,000

! lI,- 10 1/3/68 Gent _ 0.690 455 45,000

t I1.- 10 4/25/(ff_ Gentry 0.697 ,I.59 1.5,000

11L- 10 5/3/68 Gcntr) 0.(_8 45:1. ,15,000

HI,- I 0 5/16/(_:_ Gculr_. 0.678 447 45,000

First Lifting

Body (I/B) Frec-flighl

Thompson's last [/B

flight, 360 degr¢'e

approach

Pch'rson's 1st [./B

fligh!

Sodie's 1st lIB flight

Soflie's last TJB flighl

Gcntry's lsl lib flight

[.imil Cycle/Flow

Scparali.n;
Unmodified ITL-10

Peh'rson's last IJB

Flighl, Landing
Ac_'idcnl

Mod Tl-Centry's lsl

HL-10 flight
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HL-10 5/28/68 Manke 0.657 434 45,000

HL-10 6/11/68 Manke 0.635 433 45,000

HI,-10 6/21/68 Gentry 0.637 435 45,000

HL-10 9/24/68 Gentry 0.682 449 45,000

HI,-10 10/3/68 Manke 0.714 471 45,000

HL-10 10/23/68 Gentry 0.666 449 39,700

ItL-10 11/13/68 Manke 0.840 524 42,650

HL-10 12/9/68 Gentry 0.870 542 47,420

X-24A 4/17/69 Gentry 0.718 474 45,000

HI,-10 4/17/69 Manke 0.994 605 52,740

HL-10 4/25/69 Dana 0.701 462 45,000

X-24A 5/8/69 Gentry 0.693 457 45,000

ttL-10 5/9/69 Manke 1.127 744 53,300

ttL-10 5/20/69 Dana 0.904 596 49,100

HI,-10 5/28/69 Manke 1.236 815 62,200

HI.-10 6/6/69 Hoag 0.665 452 45,000

HL-10 6/19/69 Manke 1.398 922 64,100

HI,-10 7/23/69 Dana 1.271 839 63,800

ttl,-lO 8/6/69 Manke 1.540 1020 76,100

X-24A 8/21/69 Genlry 0.718 486 40,000

HI.-10 9/3/69 Dana 1 A46 958 77,960

X-24A 9/9/69 Gentry 0.594 402 40,000

HL-10 9/18/69 Manke 1.256 833 79,190

X-24A 9/24/69 Gentry 0.596 396 40,000

HL-IO 9/30/69 Hoag 0.924 609 53,750

X-24A 10/22/69 Manke 0.587 387 40,000

Manke's 1st IJB flight

XI,R-11 Engine
Installed

1st Powered Fh.,

Eng. Mall., Landed
Rosamond

3 Tries to Light

Engine

Glide Flight

Dana's 1st L/B Flight

Glide Flight

1st Supersonic UB

Flight

Hoag's 1st IJB Flight

I st 4-chambered

Flight

Glide Flight

Glide Flight

Manke's 1st X-24 Flight
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WINGLESSFLIGHT

HL-10 10/27/69 Dana 1.577 1,041 60,610

HI,-10 11/3/69 Hoag 1.396 921 64,120

X-24A 11113/69 Gent O' 0.646 427 45,000

HL-IO 11/17/69 Dana 1.594 1,052 64,590

HL-10 11/21/69 tloag 1.432 952 79,280

X-24A 11/25/69 Gentry 0.@5 454 45,000

HI.-10 12/12/69 Dana 1.310 871 79,960

HL- 10 1/19/70 Hoag 1.310 869 86,660

HL-10 1/26/70 Dana 1.351 897 87,684

HL-10 2/18/70 Hoag 1.861 1,228 67,310

X-24A 2/24/70 Gent O" 0.771 509 47,000

HI.-10 2/27170 Dana 1.314 870 90,303

X -24A 3119/70 Gentry 0.865 571 44,400

X-24A 4/2/70 Manke 0.866 .571 58,700

X-24A 4122/70 Gentry 0.925 610 57,700

X-24A 5/14/70 Manke 0.748 494 44,600

M2-F3 6/2/70 Dana 0.688 469 45,000

HI,-10 6/11/70 Hoag 0.744 503 45,000

X-24A 6/17/70 Manke 0.990 653 61,000

HL-10 7/17/70 Hoag 0.733 499 45,000

M2-F3 7/21170 Dana 0.660 440 45,000

X-24A 7/28/70 Gent O" 0.938 619 58,100

X-24A 8/11/70 Manke 0.986 651 63,900

X-24A 8/26/70 Gento T 0.694 458 41,5OO

X-24A 10/14/70 Manke 1.186 784 67,900

X-24A 10/27/70 Manke 1.357 899 71,400

M2-F3 11/2/70 Dana 0.6,50 429 45,000

X-24A 11/20/70 Gentry 1.370 905 67,600

Glide Fligh!

Glide Flight

Faslest I./B flight

Highest IJB flight

1 st Powered X-24 Flight

Only 2 Chambers Lit

1st M2-F3 Flight

Lift/Drag Powered

Approach

tloag's/HL-10's

Last Flight

Only 2 Chambers Li!

1st Supersonic X-24

Flight

Highest X-24 Flight
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M2-F3 11/25/70 Dana 0.809 534 51,900

X-24A 1/21/71 Manke 1.030 679 57,900

X-24A 2/4/71 Powell 0.659 435 45,000

M2-F3 219/71 Gentry 0.707 469 45,000

2/18/71

2/26/71

3/8/71

3/29/71

5/12/71

Manke

Dana

Powell

Manke

Powell

X-24A

M2-F3

X-24A

X-24A

X-24A

1.511 998 67,400

0.773 510 45,000

1.002 661 56,900

1.600 1,036 70,500

1.389 918 70,900

X-24A 5/25/71 Manke 1.191 786 65,300

X-24A 6/4/71 Manke 0.817 539 54,400

M2-F3 7/23/71 Dana 0.930 614 60,500

M2-F3 8/9/71 Dana 0.974 643 62,000

M2-F3 8/25/71 Dana 1.095 723 67,300

M2-F3 9/24/71 Dana 0.728 4.80 42,000

M2-F3 11115171 Dana 0.739 487 45,000

M2-F3 12/1/71 Dana 1.274 843 70,800

M2-F3 12/16/71 Dana 0.811 535 46,800

M2-F3 7/25/72 Dana 0.989 652 60,900

8/11/72

8/24/72

9/12/72

M2-F3

M2-F3

M2-F3

Dana

Dana

Dana

Dana

Dana

M2-F3

M2-F3

9/27/72

10/5/72

1.101 726 67,200

1.266 835 66,700

0.880 581 46,000

1.340 885 66,700

1.370 904 66,300
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1st M2 -F3 Powered

Flight

Powell's Ist L/B

Flight

Gentry's 1st

M2-F3/I,ast IJB Flights

Only 2 Chambers Lit

Fastest X-24 Flight

Delayed Light of
Rocket Chamber

Only 3 Chambers Lit

Only 2 Chambers

Lit/Last X-24 A Flight

1st Supersonic M2-F3

Flight

Engine Malfunction,

Fire, Rosamond

Landing

New Jettison Location

Checkout

Only 2 Chambers Lit

1st Command

Augmentation

System Flight

Engine Malfunction,

Small Fire

100th Lifting Body Flight



WINGLESS FLIGHT

M2-F3 10/19172 Manke 0.905 597 47,100

M2-F3 11/1/72 Ma nk e 1.213 803 71,300

M2-F3 11/9/72 Powell 0.906 597 ,I,6,800

M2-F3 11/21/72 Manke 1.435 947 66,700

M2-F3 11/29172 Powell 1.3,1,8 890 67,500

M2-F3 12/6[72 Puwell 1.191 786 68,300

M2-F3 12/13/72 Dana ].613 1,064 66,700

M2-F3 12/20/72 Manke 1.294 8.56 71,500

X-24B 8/1/73 Manke O.(r_l.O "160 40,000

X-24B 8/17/73 Manke 0.650 449 45,000

X-24B 8/31/73 Manke 0.716 495 45,000

X-24B 9/18/73 Manke 0.687 .1.50 45,000

X-24B 10/t/73 I_ve 0.704 1.61 45,000

X-24B I 1/15/73 Manke 0.930 598 52,764

X-24B 12/12/73 Manke 0.987 61.5 63,081

X-24B 2/15/74 L_we 0.696 456 45,000

X-24B 3/5/74 Manke 1.086 708 60,334

X-24B 4/30/74 l,ove 0.876 578 52,O40

X-24B 5/24/74 Manke 1.140 753 55,079

X-24B 6/14/74 1.ore 1.228 810 65,512

X -24B 6/28/74 Manke 1.391 920 68,150

X-24B 8/817,1. l_>ve 1.541 1,022 73,380

X-24B 8/29/74 Manke l.O98 727 72,440

X-24B 10/25/74 Love 1.752 1,164 72,150

X-24B 11/15/74 Manke 1.615 1,070 72,O60

X-24B 12/I 7/74 I_+-e 1.585 1,036 68,780

X-24B 1l14/75 Manke 1.748 1,157 72,787
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Manke's 1 st M2-F3 Flight

Powel|'s 1st M2-F3 Flight

Fqanned Rosamond

Lakebed l,anding

Planned Rosamond

Lakebed l,anding

Faslesl M2/Used

I#I') Rockets

ttighest and last

M2-F3 Flight

First Glide Flight of
X-24B

Love's 1st I/B Flight

I st X-24B P_wered Flight

1 st X-24B Supersonic

Flight

l_Jve's 1st Puwered

Flight

Max. Speed/X-2_!-B Flight



APPENDIX

X-24B 3/20/75 Love 1.443 955 70,373

X-24B 4/18/75 Manke 1.204 795 57,900

X-24B 5/6/75 Love 1.444 958 73,400

X-24B 5/22/75 Manke 1.633 1,084 74,100

X-24B 6/6/75 [,ore 1.677 1,110 72,I00

X-24B 6/25/75 Manke 1.343 887 58,000

X-24B 7/15/75 Love 1,585 1,047 69,480

X-24B 8/5/75 Man ke 1.190 773 60,000 1st Runway

Landing.D,laoke's

Last Flight

X-24B 8/20/75 Love 1.548 1,010 72,000 Runway Landing/I_ve's

Last Flight

X-24B 9/9/75 Dana 1.481 990 71,000

X-24B 9/23/75 Dana 1.157 780 58,000 Last Rocket Flight/Dana's

Las! Flight

X-24B 10/9/75 Enevohtson 0.705 450 45,000 Enevoldson's 1st E/B

Flight

X-24B 10/21/75 Scobee 0.696 462 45,000 Scobee's 1st IJB Flight

X-24B 11/3175 McMurtr_ 0.702 456 45,000 McMurtr_"s 1st L/B Flight

X-24B 11/12/75 Enevoldson 0.702 456 45,000 Enevoldson's Last

I_Tt Flight

X-24B 11/19/75 Scobee 0.700 460 45,000 Scobee's Last L/B Flight

X-24B 11/20/75 McMurtt3' 0.713 460 45,000 McMurtry's Last L/B

Flight/l_st X-24B Flight

* Approximate

Assembled from a compilation by Jack Kolf and Appendix N of" Richard E tiallion, On the Frontier:

Flight Reseurch at Dry&m, 1946-1981 (_,aashiuton, D.C.: NASA SP-43tq3, 1984); fro'maned in Pagemaker by
Delmis DaCruz.

2O0



GLOSSARY

ablation Themlal process where the surface mehs or vaporizes at high

temperature, thereby absorbing heat created aerodynamically.

ablator Surface material that will melt or vaporize to absorb heal.

active cooling Process whereby a heat-conductive fluid eireulates between a hot

and cool region, drawing off heat.

ADP Advanced Development Projects--a Lockheed group located in

California.

AF or USAF United States Air Force.

AFB Air Force Base.

AFFTC Air Force Flight Test Center.

AFSC Air Force Systems Command, an Air Force major command during

the period of this narrative.

analog

computer

In the context of this book, a computer in a simulator that

solves equations of motion using analogous electrical circuits; that is,

it expresses data in terms of measurable quantities, such as voltages,

rather than by numt)ers as a digital computer does.

AOA Angle of Attack: direction of relative wind with respect to an

aircraft's longitudinal axis.

Apollo NASA program to land a human on the moon and return to earth.

ARC NASA Ames Research Center.

ASD Aeronautical Systems Division (Air Force).

aspect ratio The ratio of squared airfoil length (span) to total airfoil area or

of airfoil length to its mean chord (distance from leading to trailing

edge). Thus, an airfoil of high aspect ratio is relatively long with a

relatively short chord, whereas one of low aspect ratio is

comparatively short and stubby.
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attitude

ballistic

ballistic

coefficient

bank angle

boat-tail

C-130

capsule

CD

e.g,

ceramic tiles

chase planes

chord

CL

CLS/W

GLOSSARY

Tire position or orientation of an aircraft or spacecraft with relation to

its axes and some reference line or plane.

Adjective describing ttie path of a body launched into a trajectoi T

where it is subject only to the forces of gravity' and drag.

Weight divided by the drag coefficient times the frontal area.

Angle between the plane of an aircraft's wings and the horizon

Shape of the rear of a vehicle whose cross section decreases from the
center to the aft end.

Four-engine, turboprop-powered transport airplane.

A self-contained, synmietrical container capable of safely entering

the earth's atnrosphere from orbital or higher speeds.

Drag coefficient. A non-dimensional parameter for measuring drag.

Center of gravity--an imaginary location within an object that
identifies its center of mass.

Small blocks of rigid material (primarily silica) attached to the

outside of a gliding re-entry vehicle lhal prevent the heat generated

by re-entry speeds fl'om reaching the vehicle structure.

Aircraft used to fly close to research airplanes for purposes of

providing the research pilot with an additional set of eyes for safety

purposes.

The straight-line distance froni the leading to the trailing edge of an

airfoil such as a wing.

Lift coefficient. A non-dimensional paranictcr for measuring lift.

Lift coefficient divided by wing loading. A non-dimensional

parameter that allows the glide performance of several aircraft to be

compared at the same airspeed.
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controllaws

crossrange

damp

decouplemode

deltawing

digital

diile(Iral

DoD

doublet

drag

Dutchroll

Dyna-Soar

effective

dihedral

eyeballs-in

WINGLESS FHGHT

The relalinnship between the pilot's commands and tile actual

control surface (aileron, elevon, etc.) movements produced by a flight

control system.

Tile distance that can be achieved by a re-entry vehicle (as it enters

the atmosphere) in a direction perpendicular to that of the initial

entLw path.

To slow down.

An entry concept that uses a different (lereleration method for entry

than fi_r landing.

A wing that has a triangular shape when viewed from above.

A(tjeetive describing a mechanism, such as a computer, thai

expresses data in discrete, numerical digits.

Effect on lifting bodies of sideslip, producing roll.

Department of Defense.

An aircraft control movement from neutral to a deflected position that

is held, then returned in the opposite direction back to the original

neutral position.

A force that resists motion anti is produced hy friction within the

atmosphere.

A complex oscillating motion of an aircraft involving rolling, yawing,

and sideslippingiso-named fi'om the resemhlance to the

characteristic rhythm of an ice skater.

Short for Dynamic Soaring. Name of a hoost-glide research program

that was canceled in 1963 before its first flight. The aircraft

designatinn was X-20A.

An aircraft aerodynamic characteristic that makes the airplane

roll (rotate around the longitudinal axis) when a sideslip or side gust

is encountered.

A descriptive term used to identify the direction of a fin'ce due to

acceleration.
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GLOSSARY

F-104

FDL

FDL-7

FDL-8

fineness ratio

flight cards

flight path

fly-by-wire

FRC

frontal area

gain

H_per III

hypersonic

jack points

Air Force century series fighter buih by Lockheed and used as a

chase and research airplane at the Flight Research Center for

many years.

The Air Force Flight Dynamics I,aborator2, located at Ihe

g¥ight-Pattersou Air Force Base in Dayton, Ohio.

Seventh re-entry design created at the FDL.

Eighth re-entu design created at the FDL.

The ratio of body length to body width of an aerodynamic shape.

A type of check list in card form used by pilots anti other crew

members to track events in a planned flight test.

The path of a moving object, usually' measured in the vertical plane
relative to the horizon.

A flight control concept that uses only electrical signals between the

pilot's stick and the control surfaces.

The NASA Flight Research Center located at Edwards, California.

From 1954 to 1959, the designation of this organization was the

NACA and then the NASA High Speed Flight Station. In 1976, it

became the NASA Hugh L. Do'den Flight Research Center.

The area of an object as projected onto a plane perpendicular to the

flight direction.

Sensitivity with respect to flight controls or a stability augmentation

system.

A light-weight, unpiloted vehicle built by the NASA FRC and

patterned after the FDL-7 shape.

Characterized by speeds of Maeh 5 or greater.

Designated points marked on the underside of an aircraft wing to

push upward with a hydraulic jack for the purpose of calibrating

slrain gages inside the wing structure.
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LaRC

IJD

Lift

limit cycle

lowerflap
controlhorn

LOX

Mathnumber

Mercury

MLRV

moment

MOU

MSL

NACA

NASA

neutra]
longitudinal
stability

WINGLESSFLIGHT

TheNASAI,angleyResearchCenterlocatedinHampton,Virginia.

Lift-to-dragratio.

A forceonanobjectproducedbyaerodynamicreactionwiththe
atmosphereas the objectmoves;it actsperpendicularlyto the
flightdirection.

A run-awayoscillationofanaircraftcontrolsurfacethatoccurswhen
thesensitivity(gain)oftheautomaticstabilizationsystemistoohigh.

A smallmechanicalarmattachedtoaliftinghodylowerflapcontrol
surfacetowhichanactuatorcontrolrodis attached.

LiquidOxygen.

Theratioof anobject'sspeedtothatofsound.Anobjectreaches
Machlwhenit fliesatthespeedofsound;Math2is twicethe
speedof sound;andsoforth.

FirstU.S.mannedspacecapsuleprogram.

MannedLiftingRe-entryVehicle.AnearlyNASALangleyResearch
Centerliftingbodydesign.

A tendencytocauserotationaboutapointoraxis,asofacontrol
surfaceaboutits hinge.

MemorandumofUnderstanding--usuallyasimpledocumentwith
signaturesstatingtheagreed-uponresponsibilitiesbetweentwoor
moreorganizations.

MeanSeaLevel.

NationalAdvisoryCommitteeforAeronautics.

National Aeronautics and Space Administration.

A flight condition in which an aircraft that is distuA)ed in pitch

continues to rotate away from the initial angle of attack at a constant

angular rate without returning.
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non-receding

charring
ablator

nose-wheel

rotation

notch filter

on-the-street

overdrive

PILOT

PlO

pitch

plow horse

Pregnant

Guppy

PRIME

projected

area

PSTS

GLOSSARY

A type of ahlator (see above) thal maintains its external dimensions

while inching or vaporizing.

The point in an aircraft take-off maneuver at which tile pilot

commands the aircraft to rotate its nose upwards, increasing lift so as

to depart the _ound.

An electronic filter in an aircraft's automalic control system to

remove or obstruct unwanted frequencies within a narrow band to

prevent them from causing problems with the system.

The time when an agency advertises (in a request for proposals) that

a new job or conh'act is planned.

Slang term used to describe the 15 percent increase in thrust that was

available on the X-24B rocket engine as compared with that used on

previous lifting bodies.

Piloted LOw speed Test. Eady designation fi_r what became the

X-24A program.

Pilot Induced Oscillation--a situation in fight in which a pilot

causes an aircraft to oscillate about the intended path of flight by

making excessive control inputs.

Angular displacement of a vehicle such as an aircraft about the

lateral axis (i.e., nose up or nose down).

Tile author's term fi_r chul)hy lifting bodies that are capable of

eartTing large payloads but have shorter hypersonic cross ranges

than race horses (which see).

A C-97 cargo airplane modified to croat an oversized cargo.

Precision Recover)' Including Maneuvering Ent U. Early designation

for what became the SV-SD or X-23 program.

The area of an ohject as projected onto a horizontal plane parallel

with the flight direction.

Propulsion System Test Stand.

206



WINGI,ESSFLIGHT

racehorse

radiative

ramjet

ratelimited

RealStuff

retrofire

Reynolds
number

RightStuff

RogalloWing

roll

roll reversal

The author's term for streamlined, slender lifting bodies with smaller

payload capacity than the plow horses (which see) but with very high

hypersonic cross ranges.

A type of cooling that radiates heat away from a cooling hot surface.

A type of jet engine without any mechanical compressor, comprised

of a specially shaped, open tube into which the air necessary fiw

combustion is forced and then compressed by the fol_'ard motion of
the aircraft.

Term indicating the maximum angular rate at which an actuator tan
drive an aircraft control surface.

Term (derived from Tom Wolfe's The Right Stufj) to describe the

qualities of people who create and seiwice aircraft or spacecraft for

experimental flights rather than fly them.

Short-term rocket ignition with the thrust pointed in the direction of

flight so as to reduce the speed of an orbiting object and to initiate

entry

A nondimensional parameter representing the ratio of momentum

forces to viscous forces about a body in fluid flow, as in the

atmosphere; named for English scientist Osborne Reynolds

(1842-1912); among other applications the ratio is vital to the use

of wind tunnels for scale-model testing, as it provides a basis for

extrapolating the test data to full-sized test vehicles.

A term first coined by Tom _blfe in his book of the same title. It

refers to the qualities possessed by pilots and astronauts who fly

experimental aircraft or spacecraft.

A wing-like parachute design that enables the parachuting object to
move forward as well as descend.

Rotational movement of an aircraft or similar body about its

longitudinal axis.

An adverse aircraft design condition in which an aircraft rolls in

the opposite direction fi'om that commanded t,y the pilot or
control surfaces.
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rotation speed

RPV

RTD

SAMSO

SAS

second

generation
vehicle

self-adaptive

semi-ballistic

Shuttle

side-arm

controller

sideslip

simulator

Skunk Works

GLOSSARY

The minimum speed at which a pilot can rotate the aircraft nose

upward (lift the nose wheel off the runway) during a take-off roll.

Remotely Piloted Vehicle--a vehicle controlled through radio links

by a pilot not physically in the vehicle.

Research and Technology Development--an Air Force Organization.

Space and Missile Systems Organization--an Air Force organization,

part of AFSC during the period covered by this narrative.

Stability Augmentation System--electronic control components

designed to augment the stability of an airplane.

A vehicle that has benefited from the previous design, development

and testing of a similar vehicle.

Adjective describing a flight control concept that samples, then

alters, internal electronic signals to compensate for changing flight
conditions.

Adjective describing a state in which an object is subject to small

aerodynamic forces in addition to the predominant forces of gravity
and inertia.

The winged vehicle developed by NASA and its contractors to serve

as a Space Transportation System to carry cargo to and from earth
orbit.

A two- or three-axis control stick mounted on the side of the cockpit

and operated by a pilot's wrist movements.

A sideways movement of an aircraft away from the initial flight path.

A partial aircraft cockpit connected to an electronic computer; it

allows a pilot to replicate to a significant degree the flight of an

airplane.

Popular term for a small, highly efficient design and fabrication

organization capable of creating innovative prototype aircraft in a

short period of time. The Lockheed Advanced Development Projects
group was the first organization to use the term "Skunk _brks"

officially to describe its organization.
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span

spiral

stability

Sputnik 1

strain gage

strakes

SV-5

SV-5J

swashplate

test-bed

aircraft

Thor-Deha

triply
redundant

tufts

volumetric

efficiency

WINGLESS FLIGttT

The distance from tip to tip or root to tip of an airfoil such as an

airplane's wing.

A natural aircraft characteristic that allows the vehicle either to

remain in level flight or to return thereto when upset in roll or bank

angle.

The first man-made object to be placed in earth orbit (by the Soviet

Union on 4 October 1957).

An instrument used to measure tile strain or distortion in a member

or test specimen (such as an aircraft structural part) that is

subjected to a force.

Wing-like appendages at lhe aft end of an aircraft that provide lift or

added stability; also long, flat surfaces attached to the exterior of an

aircraft's skin and aligned with the local free-stream conditions.

Basic configuration of a re-entry vehicle that led to the SV-5P

(X-24A) antl SV-SD (PRIME).

Jet-powered version of the SV-5 configuration. Two were built but
neither was flown.

A mechanical plate with a universal joint giving it fi'eedom to pivot

in any, direction about one point. Multiple attachment points for

control rods in the plane of the plate allowed flexibility for different

controls in the M2-F1 lifting body.

A conventional aircraft that has been equipped with some newly

designed internal or external components for in-flight testing.

A two-stage rocket using a Thor 1st stage and a Delta 2nd stage.

Adjective describing the concept of using three parallel components

to accomplish a single function, with automatic de-selection of any

faulty component.

Short segments of yarn or string taped to an aerodynamic surface to

allow airflow characteristics to be obselwed directly or photographed.

The ratio of total volume to the surface area of a three-dimensional

shape. A sphere has the highest volumetric efficiency of any shape.
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GLOSSARY

wedge angle

wetted skin

area

The angle of the aft control surfaces relative to the flight direction.

Large angles produce shuttlecock-like stability.

The total exposed surface area of any shape. In an aircraft, this

is all skin area exposed to the outside airstream.

wing loading Vehicle weight divided by the area of the wing.

X-24C A follow-on proposal to the X-24B to test advanced air-breathing

propulsion.

yaw Motion of an aircraft or similar vehicle about the vertical axis

(i.e., nose left or right).

Y-plane Lateral (left to right) axis of an aircraft or flight vehicle.
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